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Abstract 
 
           Traditional lithographic techniques used to fabricate a magnetic structure are often 
complex, time consuming, dependent on other techniques and expensive. Laser direct writing 
(LDW) can potentially overcome many of these drawbacks and may be a cheaper, faster and 
easier route to fabricating technique micro-/nano-magnetic structures. The main aim of this 
project is to fabricate magnetic structures through LDW. Two types of LDW were used to 
fabricate magnetic structures: subtractive LDW (LDW-) and laser-induced forward transfer 
(LIFT). LIFT was used to transfer permalloy (Ni81Fe19) using three laser systems. Numerous 
parameters were varied, including thin film thickness, scanning speed, pulse energy, distance 
between donor/acceptor and acceptor material. These attempts did not succeed in 
transferring the magnetic materials as a uniform shape. The differences of heat conductivity 
between the permalloy and acceptor substrate (glass and silicon), shock wave effects and the 
landing speed of material on the acceptor are the most possible reasons that the uniform 
structures and the magnetic properties were lost.  LDW- was used to successfully pattern 90nm 
thick Permalloy into 1-D and 2-D microstructures. Magnetic wires with a range of widths, arrays 
of squares, rectangles with a range of aspect ratios and rhombic elements were patterned. 
These structures were fabricated using an 800-picosecond pulse laser and a 0.75 NA lens to 
give a 1.85µm diameter spot. Scan speeds were controlled to give 30% overlap between 
successive laser pulses and reduce the extent of width modulation in the final structures 
compared with lower levels of pulse overlap. Continuous magnetic wires that adjoined the rest 
of the film were fabricated with widths from 150 nm - 6.7µm and showed coercivity reducing 
across this range from 47 Oe to 10 Oe. Squares, rectangles and diamonds These elements 
demonstrated shape-sensitive magnetic behaviour with increasing the shape aspect ratio. 
Wires of different width were also fabricated by LDW- and their anisotropic magnetoresistance 
(AMR) determined to show a simple width-dependent magnetic field response, making them 
interesting as magnetic field sensors. This approach is extremely rapid and does not requires 
masks or chemical processing as part of the patterning procedure. The time required to 
patterned 1-D area of 4 x 0.18 mm was 85 s and the average fabrication time per element of 
 iv 
2-D structures was 4.7x10-4 s. The microstructures may be of use for AMR sensors or for 
biological applications, such as cell trapping.  
 
 
 
 
 
 
 
                                                                           
                                                                         
 
 
 
 
 
 
 
 
                                                                                    
 
 
 v 
 
 
Dedication 
 
 
To: The greatest man in my life, the prophet 
Muhammad 
 
قلبت كل العالمين فلم أجد  
من يستحق الذكر الا محمدا                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                       
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 vi 
Acknowledgments 
 
 
 In Arabic there is proverb that says “whoever does not thank the creature will not thank the 
creator”, so, after thanking God Almighty, I would like to bow modestly to my beloved country, 
Iraq, to its land and sky, to its trees and rivers, for each grain of its soil and to its great heroes 
and I say, there are not words enough to express my love and thanks.  
            
             I would like to express my thanks to Al-Furat Al-Awsat Technical University for giving 
me this opportunity to study for my PhD. 
 
            My supervisor Professor Dan Allwood; I thank you from my heart, it was great honour 
to work with you throughout my PhD, thanks for your support and your understanding. You 
are the best supervisor. 
 
             My appreciation and thanks should also go to my DDP supervisor, Dr. Frederik 
Claeyssens and to all members of the SCAMMED group with special thanks to Dr. Rene Dost 
and Dr. Colin Sherborne and Mr. Georgios Sarris. 
 
            For my mother and my late father, I am so pleased that your dreams for me have been 
realised. 
              
             To my sons, Mohammed, Dhurgham and Haidarah, you were a beacon of light on the 
long road of the PhD journey. 
    
             And finally, to my dear wife Inaam, who bore the burden of this journey with me, thank 
you for all the love, patience and support you provided me, you were a wonderful wife and 
mother. 
              
 
 vii 
 
Contents 
 
 
Abstract ...................................................................................................................... iii 
Dedication ................................................................................................................... v 
Acknowledgments ...................................................................................................... vi 
Contents ................................................................................................................... vii 
Chapter 1: Introduction and Synopsis ........................................................................ 1 
1.1 Introduction ...................................................................................................... 1 
1.2 Laser Direct Writing (LDW) .............................................................................. 3 
1.3 Project aims...................................................................................................... 4 
1.4 Thesis contents ................................................................................................ 5 
Chapter 2: Magnetism and magnetic materials .......................................................... 7 
2.1   Ferromagnetism ............................................................................................. 7 
2.2   Domains ....................................................................................................... 11 
2.2.1 Exchange energy ..................................................................................... 12 
2.2.2 Magnetostatic energy .............................................................................. 13 
2.2.3 Magnetocrystalline anisotropy energy ..................................................... 14 
2.2.4 Magnetostrictive energy ........................................................................... 15 
2.2.5 Zeeman energy ........................................................................................ 16 
2.3   Hysteresis loops ........................................................................................... 17 
2.4   Ferromagnetic materials types ..................................................................... 18 
2.4.1 Permalloy ................................................................................................. 19 
2.5 Magnetic anisotropy ....................................................................................... 22 
2.5.1 Shape anisotropy ..................................................................................... 22 
2.6 Small magnetic elements ............................................................................... 24 
 viii 
2.7 Summary ........................................................................................................ 25 
Chapter 3: Fabrication techniques of micro/nano-magnetic structures .................... 26 
3.1 Introduction .................................................................................................... 26 
3.2 Micro/nano-fabrication techniques.................................................................. 28 
3.2.2 Non-resist-based lithography ................................................................... 42 
3.3 Summary ........................................................................................................ 47 
Chapter 4: Laser Direct writing ................................................................................ 48 
4.1 Introduction .................................................................................................... 48 
4.2 LDW system ................................................................................................... 48 
4.3 Laser-material interaction ............................................................................... 50 
4.4 Ablation .......................................................................................................... 53 
4.5 LDW types ...................................................................................................... 57 
4.5.1 Laser Direct Writing Subtraction LDW- .................................................... 58 
4.5.2 Laser Direct Writing Modification (LDWm) ............................................... 58 
4.5.3 Laser Direct Writing addition (LDW+) ...................................................... 58 
4.6 Summary ........................................................................................................ 63 
Chapter 5: Experimental methods ........................................................................... 64 
5.1 Introduction .................................................................................................... 64 
5.2 Thin Film Deposition ....................................................................................... 64 
5.3 Laser Direct Write (LDW) Systems ................................................................. 66 
5.3.1 350 picosecond Q-switched laser system ................................................ 66 
5.3.2 800 Picosecond Q-switched laser system ............................................... 71 
5.3.3 System of femtosecond Ti: sapphire laser ............................................... 73 
5.3.4 Overlap of laser pulses on samples ......................................................... 75 
5.4 Fabrication of magnetic structures ................................................................. 77 
5.4.1 LDW- of magnetic structures ................................................................... 78 
5.4.2 LIFT for magnetic structures .................................................................... 85 
5.5 Measurements and characterisation .............................................................. 88 
5.5.1 Focused Magneto-Optic Kerr Effect (fMOKE) magnetometry .................. 89 
 ix 
5.5.2 Anisotropic magneto resistance (AMR) system. ...................................... 91 
5.5.3 I-V test system ......................................................................................... 93 
5.5.4 Optical microscopy .................................................................................. 94 
5.5.5 Atomic force microscopy (AFM) ............................................................... 94 
5.5.6 Scanning electron microscopy (SEM). ..................................................... 95 
5.6 Summary ........................................................................................................ 96 
Chapter 6: Laser induced forward transfer (LIFT) of magnetic structures ................ 97 
6.1 Introduction .................................................................................................... 97 
6.2 LIFT with 350 ps pulse length DPSS- Q-switched laser system ..................... 97 
6.3 LIFT with 100 fs pulse length Ti: sapphire laser system ................................103 
6.4 LIFT with ps pulse length DPSS- Q-switched laser system ...........................104 
6.4.1 Transfer material using “Dwell” command ..............................................105 
6.4.2 Transfer material using “Linear” command .............................................109 
6.5 Summary .......................................................................................................120 
Chapter 7: Laser direct writing subtraction (LDW-) fabrication of magnetic structures
 ................................................................................................................................123 
7.1 Introduction ...................................................................................................123 
7.2 One-dimensional magnetic structures ...........................................................123 
7.2.1 Initial attempts of 1D structure fabrication ...............................................124 
7.2.2 Width variation of magnetic wires ...........................................................130 
7.3 Two-dimensional micro/nano-scale magnetic structures ...............................141 
7.4 Anisotropic magnetoresistance (AMR) measurements of LDW- structures ...150 
7.4.1 Anisotropic Magnetoresistance Measurements ......................................156 
7.5 Summary .......................................................................................................164 
Chapter 8: Conclusions and Future Work ...............................................................166 
8.1 Conclusion ....................................................................................................166 
8.2 Future work ...................................................................................................168 
Appendix A .............................................................................................................170 
 x 
Appendix B .............................................................................................................171 
Appendix C .............................................................................................................173 
Appendix D .............................................................................................................175 
References .............................................................................................................176 
 
 
1 
 
    
 
 
Chapter 1: Introduction and Synopsis  
1.1 Introduction 
 
       Although magnetism was discovered earlier than 600 BC, the real breakthrough took place 
in the last century to understand and employ it for invention, and create and develop 
technologies based on this understanding. This revolution of magnetism came as a result of 
measurement of the behaviour of magnetic materials. Their response to magnetic field can be 
used to classify magnetic behaviour into five categories:  diamagnetism, paramagnetism, 
ferrimagnetism, anti-ferromagnetism and ferromagnetism. Ferromagnetism will be explored 
further in chapter 2. Magnetism is present in nature, for example it is known in geology and 
geophysics from the response of sedimentary rocks [1]; but artificial magnetic structures are 
also now used in applications, such as in medicine: control of magnetically-tagged cells to 
achieve magnetic separation [2], drug delivery [3], immunoassays [4], magnetic resonance 
imaging (MRI) [5], and magnetic hyperthermia [2], or trapping of magnetically-labelled cells 
[5]; to actuators [6], sensors [7], [8] and production of various types of recording media [9] and 
data storage units [10]. Therefore, it’s not surprising to find the applications based on magnetic 
materials are used every day around the worldwide in many of applications and devices. 
Consequently, billions of devices based on magnetic structures are traded in international 
markets, for example, the global market size of magnetic sensors alone reached USD 1.91 
billion in 2017, for an estimated demand of 3.1 million units [11]. The compound annual growth 
rate (CAGR) of this market is expected to achieve 6.8% [11] because of progress in sensing 
technologies combined with increasing usage of sensing devices in numerous industry sectors.  
 
New markets for magnetic sensors are opening up as automotive technology develops rapidly. 
Predictions of global revenue for this sector are that it will expand to $2.3 billion in 2030 
compared with $1.1 billion in 2017 [12]. Fig 1.1 shows the predicted global market value of 
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different types of sensor in the automotive market from 2016 to 2030. This is predicted to be 
dominated by Hall effect sensors throughout the period considered but that anisotropic 
magnetoresistance (AMR) sensors will have the second largest market share, approaching $0.5 
billion in 2030. 
 
 
Figure 1.1 Predicted global magnetic sensor market from 2016 to 2030 [12]. Technologies include 
Hall effect, anisotropic magnetoresistance (AMR), tunnelling magnetoresistance (TMR), 3D Hall 
effect, and giant magnetoresistance (GMR). 
 
          The majority of applications listed above have been established based on nano- and 
micro-scale magnetic structures which can exhibit new and improved properties compared to 
their bulk equivalents. Accordingly, the development and discovery of the properties of 
magnetic structures have often arisen from developments in our ability to miniaturise the 
materials through micro/nano-fabrication processes. Various micro/nano-fabrication 
techniques are used to fabricate magnetic structures, such as: electron beam lithography, ion 
beam lithography, soft lithography, photolithography, X-ray lithography, focused-ion-beam 
milling and scanning probe lithography; and these will be discussed in chapter 3. In general, 
these techniques can be classified into resist-based lithography and non-resist-based 
lithography.  Each fabrication technique brings particular advantages and drawbacks, 
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particularly in terms of flexibility, speed, complexity and cost.  For example, commercial 
photolithography typically includes tens or even hundreds of separate steps which can take 
weeks or even months to complete. The majority of fabrication techniques require high costs, 
which can have capital costs reaching millions of dollars for fabrication systems for electron 
beam or X-ray lithography, and expensive consumable materials such as masks and frequent 
maintenance.  
 
1.2 Laser Direct Writing (LDW) 
 
        
        LDW is an uncomplicated and mask-less technique for creating structures of one to three 
dimensional through a one-step process. This can often be carried out under atmospheric 
conditions, at room temperature and with no chemical processing, and under computer 
control to allow flexible structure design.  
 
             In general, LDW describes three approaches in which material is either modified 
(LDWm), removed (LDW-), or added (LDW+) [13], [14]. LDWm is employed to change the 
properties of materials using laser fluence below the ablation threshold, while material 
removal in LDW- requires an applied fluence higher than the ablation threshold. LDW+ requires 
a fluence just above threshold to transfer material from a carrier of a donor thin film to an 
acceptor substrate. LDW+ includes two procedures: Laser Induced Forward Transfer (LIFT) and 
Laser Induced Backward Transfer (LIBT).  
 
          All types of LDW system share the same three main parts: a laser source, a laser beam 
delivery system and a sample/platform scanning system, as shown in Fig 1.2. 
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Figure 1.2 General schematic of main parts of all types of LDW systems: laser source, laser beam 
delivery system and sample/platform scanning system. 
 
 
      Though laser direct writing is a well-established technique and one of the most important 
in the family of direct writing techniques, it has not been used to fabricate magnetic structures 
so far.   
 
1.3 Project aims 
        This thesis reports on attempts to use the unique characteristics of LDW to fabricate 
magnetic structures and explore how this might overcome some of the inherent drawbacks of 
traditional techniques otherwise used to fabricate magnetic structures. Two techniques of 
laser direct writing, LDW- and LDW+, were used to pattern micro/nano-scale magnetic 
structures. This may allow LDW to be realised as an easier, cheaper and faster way to fabricate 
micro/nano-scale magnetic structures.  
Laser source 
Laser beam 
delivery system  
Optics 
Lens 
Mirror 
Specimen 
Sample/platform 3 D 
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1.4 Thesis contents    
         Chapter 2 of this thesis covers the basics of ferromagnetism and considers how the 
formation of domains depends on magnetic energies, before reviewing the types of 
ferromagnetic materials and the effect of shape anisotropy on the magnetic response of 
structures.    
             
             The fabrication techniques used for patterning micro/nano-scale magnetic structures 
are reviewed in chapter 3. The history of lithography is covered, from the first attempt in 1796 
by Aloys Senefelder to transfer an engraved image onto paper to modern lithographic 
techniques. This review will evaluate each technique in terms of its speed, cost, resolution and 
complexity.   
 
             Laser direct writing will be discussed in chapter 4. The interaction between laser 
radiation and materials, ablation processes using short and ultra-short pulsed lasers, types of 
LDW and the important factors that effect the transfer processes in LDW+ are covered in this 
chapter.  
 
             Chapter 5 describes the experimental procedures used here to achieve LDW- and 
LDW+. The equipment and experimental setup used for preparation, fabricating and 
characterizing the magnetic structures, and all subsequent LIFT and LDW- experiments are 
presented. This chapter consists of two parts: preparation of thin films and patterned 
structures; and measurements and characterisation.  
 
              Chapter 6 present the attempts to fabricate magnetic structures using LIFT. These 
attempts were made by varying numerous experimental factors to transfer magnetic materials 
from a donor film to an acceptor substrate.  
               
               Chapter 7 present the results of one-dimensional, two-dimensional magnetic 
structure patterned by LDW-. These structures include arrays of squares, rectangles with 
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various aspect ratios and rhombic elements as well as MR magnetic structures achieved using 
LDW-. 
             Chapter 8 gives the main conclusions from the project and the plans to develop the 
techniques in the future.  
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Chapter 2: Magnetism and magnetic materials 
 
2.1   Ferromagnetism  
            Magnetism results from the sum of atomic magnetic moments in a material. Each 
magnetic moment, m, arises from the spin and orbital motion of electrons in an atom. The 
magnetization, M, of a material is the volume average of the constituent magnetic moments 
[10]:  
 𝑀 = ∑$% 	                               (2.1)  
 
           In general, the response of the material to an external applied magnetic field (H) is called 
magnetic induction (B) and is given by [15]: 
 𝐵 = 𝜇)(𝐻 +𝑀)									            (2.2)  
 
where µ0 is the permeability of free space. 
 
          The magnetic response of linear magnetic materials, including ferromagnetic materials 
under low fields, can be described by the magnetic susceptibility (χ) by [10]:  
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𝜒 = /0                                   (2.3) 
 
          The different responses of magnetic materials to externally applied magnetic field are 
usually summarized into five categories of behaviour: diamagnetism, paramagnetism, 
ferrimagnetism, anti-ferromagnetism and ferromagnetism. 
 
 Diamagnetic behaviour arises from electron orbitals within atoms subject to an applied 
magnetic field adjusting to repel the applied field, as described by Faraday’s law. In the absence 
of an applied field, diamagnetic atoms have zero magnetic moment. The magnetization of 
diamagnetic materials is always opposite to the direction of applied magnetic field. This is a 
weak effect though so c is small and negative, typically close to 10-5. The exception to this is 
where materials are superconductive, in which case c = 1. All materials show this effect but 
other magnetic responses are often present and dominate the diamagnetic behaviour. 
 
 Paramagnetic materials consist of atoms that have a spontaneous (i.e. present without 
the applied of a magnetic field) magnetic moment but that are each randomly oriented. In the 
absence of an applied magnetic field, this random orientation leads to net zero magnetization. 
However, the magnetic moments gradually align to an applied magnetic field, although the 
response is weak resulting in values of c typically of 10-3 – 10-5.  
 
 The strongest response to magnetic field comes from ferromagnetic materials, in 
which all atomic magnetic moments (m) can be readily aligned towards an applied magnetic 
field. However, ferromagnetic materials exhibit parallel alignment of moments resulting in 
large net magnetization even in the absence of a magnetic field. The magnetic moment comes 
from the spin and orbital motion of electrons in atoms. The magnetic moment of the 
ferromagnetic transition metals (Ni, Fe and Co) arises from unpaired 3d-orbital electrons of 
identical spin direction (e.g. for nickel in Figure 2.1). 
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         The magnetic moments of atoms across large regions (called ‘domains’) of ferromagnetic 
material spontaneously align, resulting in large local values of spontaneous magnetization. Fig 
2.2 shows a schematic of the alignment of atomic dipoles (magnetic materials) within a 
ferromagnetic domain. 
 
 
 
 
Figure 2.2: Schematic of the alignment of magnetic moments in ferromagnetic material (adapted 
from ref.[16]). 
 
            This behaviour comes as a result of the exchange interaction between adjacent atoms. 
However, not all materials with unpaired electrons in external orbitals are ferromagnetic, since 
the crystal structure of materials contributes to determine the type of magnetism exhibited by 
the elements. For example, manganese has five unpaired electrons but is not ferromagnetic 
because the magnetic moments of such magnetic atoms are oriented randomly under no 
applied field and the material is paramagnetic [17]. 
 
 
Figure 2.1:	The spin structure d-block electrons in nickel. 
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 Anti-ferromagnetic materials are similar to ferromagnetic materials but neighbouring 
atoms have oppositely aligned magnetic moments. This results in zero spontaneous 
magnetization. Applied magnetic field gradually rotates the two spin lattices into the field 
directions to give typical values of c of 10 – 100.   
 
 Ferrimagnetism arises from a similar spin structure to that of anti-ferromagnetic 
materials but with spin lattices made up of atoms with unequal magnetic moment. This results 
in a non-zero spontaneous magnetization and, at low fields, a similar response to applied 
magnetic fields as ferromagnetic materials. At high fields, the spin lattices gradually align into 
the field direction, as with antiferromagnetic materials. The magnetic susceptibility can be very 
high but the weaker magnetization of ferrimagnetic materials compared to ferromagnetic 
materials means that c doesn’t reach the high values seen with some ferromagnets.  
 
𝑀 = m/V	           Magnetization is often plotted as function to applied field to show the response 
of materials. For diamagnetic, paramagnetic, and antiferromagnetic materials the M–H 
characteristics are linear as shown in fig 2.3, but ferrimagnets and ferromagnets have a 
different behaviour, as will be explained in §2.3. 
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Figure 2.3: The curve of magnetization as function to applied field for diamagnetic, paramagnetic, 
and antiferromagnetic materials (adapted from [10], [16]). 
 
           
 
2.2   Domains 
            As noted above, regions of ferromagnetic materials in which magnetic moments are 
aligned parallel are called domains. The orientation of domains depends on the demagnetised 
or magnetised state of ferromagnetic materials [10], [15]. In the demagnetised state, the 
vector summation of all the domains is equal to zero due to their different orientations, but in 
the fully magnetised state domains are oriented in the same direction and the vector 
summation of the dipoles produces an overall magnetic dipole of the material. The regions 
between neighbouring domains are called domain walls. An applied magnetic field causes 
domains aligned parallel to the field direction to grow by motion of domain walls, as will be 
discussed in section 2.3.  
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         The configuration of domains in materials can be complex and is often observed by 
techniques such as the Bitter method, transmission electron microscopy, scanning tunnelling 
microscopy (STM), and magneto-optic Kerr effect imaging [10], [15].   
 
        The spatial configuration of magnetization within a ferromagnetic element is determined 
by five magnetic energies: exchange energy, magnetostatic energy, magnetocrystalline energy 
and magnetostrictive energy and Zeeman energy (from an applied magnetic field). 
Magnetostatic energy is the principal driving force for the formation of domains while others 
energies influence the shape and size of domains. These will be considered here in turn.  
 
2.2.1 Exchange energy 
             The exchange interaction between neighbouring atoms creates an energetic 
dependence on the relative alignment of adjacent atomic moments. In ferromagnetic 
materials, parallel alignment reduces the exchange energy to a minimum value and results in 
the behaviour described above. With no other considerations, the most stable state of 
ferromagnetic materials will therefore be a single magnetic domain. 
            The exchange energy forms an important component of the total energy of 
ferromagnetic materials. The exchange energy of two adjacent atoms i and j can be calculated 
by the Heisenberg form of equation [15]:   𝐸56 = −2𝐽𝑆;𝑆< cos 𝜙																															 (2.4) 
           where J is an exchange integral, Si and Sj are the spin angular momentum of the two 
atoms respectively and ϕ is the angle between the spins. J has a positive value for 
ferromagnetic materials, so that parallel alignment of adjacent spins results in a negative 
contribution to exchange energy. Conversely, J in antiferromagnetic and ferrimagnetic 
materials has a negative sign and is responsible for the anti-parallel alignment of neighbouring 
atomic moments that characterize these materials. 
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2.2.2 Magnetostatic energy 
            The exchange energy in ferromagnetic materials reaches a minimum when there is a 
single magnetic domain. This results in strong surface magnetic poles that generate a magnetic 
field around the material, as shown in fig 2.4(a). The poles also generate an internal field that 
opposes the magnetization, i.e. in the demagnetizing direction; this internal field is, therefore, 
called the ‘demagnetizing field’ and causes ‘magnetostatic energy’ to arise. Magnetostatic 
energy depend on the shape of the sample as will be discussed in §2.5.1.  
 
In order to reduce the magnetostatic energy, the demagnetizing field must be 
minimized. Fig. 2.4(b) shows that this can be partially achieved by the single domain dividing 
into two oppositely oriented domains. However, this still leaves a reduced but non-zero 
demagnetizing field in the sample (and also a reduced stray field externally). Further increases 
in the number of (smaller) domains offer further reductions in demagnetizing field, and the 
formation of ‘flux closure domains’ at the object’s ends (Fig. 2.4(c)) can reduce the 
demagnetizing field (and the magnetostatic energy) to zero.   
 
 
 
 
Figure 2.4: Schematic of how external stray field depends on magnetic domain structure of a 
ferromagnetic element (adapted from ref [18]). 
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2.2.3 Magnetocrystalline anisotropy energy 
             The magnetization of most ferromagnetic materials tends to align to particular 
crystallographic directions; this phenomenon of alignment is called “magnetocrystalline 
anisotropy”. The origin of magnetocrystalline anisotropy is spin-orbit interactions. In fact, there 
are three significant types of coupling between spin, orbit and lattice, and one of these is 
important for causing magnetocrystalline anisotropy [17].  
 
         Spin–spin coupling (exchange coupling) is very strong and attempts to keep adjacent spins 
parallel or anti-parallel to one another, as described in §2.2.1. Exchange energy is isotropic, 
however, depending only on the angle between neighbouring spins (equation 2.4) and not on 
individual magnetic moment directions. Therefore, this type of coupling does not contribute 
to magnetocrystalline anisotropy[17].  
 
          The second type of coupling is orbit-lattice interactions. However, electron orbitals 
define the crystal structure and the orbitals and lattice are very strongly connected and even 
large external fields cannot break this coupling. Therefore, this interaction does not create 
magnetocrystalline anisotropy[17].  
 
          Finally, the interaction between the magnetic moments of an electron’s spin with the 
magnetic field from the electron’s orbital motion produces spin-orbit coupling. The spin of 
electrons reorients in an applied magnetic field and is, therefore, affected by the electron’s 
own orbit. The strength of the orbit-lattice coupling means it resists rotating in externally 
applied magnetic fields but the spin-orbit coupling is not as strong and can be overcome by 
applying a magnetic field to reorient the spin system of a domain away from the easy direction. 
The strength of the field required to do this depends upon the strength of the spin-orbit 
interaction. This also means that magnetization is more easily saturated along the preferred or 
‘easy’ axes as defined by the crystal structure. The least preferred crystallographic directions 
are known as ‘hard axes’.  Accordingly, the energy required to reach saturation along easy axes 
will be less than along hard axes. This difference in energy between magnetizing along easy 
and hard axes is called the magnetocrystalline anisotropy energy EK and in uniaxial materials 
is given by [10]: 
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 𝐸B = 𝐾D𝑠𝑖𝑛H𝜃 + 𝐾H𝑠𝑖𝑛J𝜃 + ⋯																		(2.5)  
where, K1, K2 are anisotropy constants and θ the angle between the magnetization vector and 
the easy axis. 
 
2.2.4 Magnetostrictive energy 
            The phenomenon of magnetostriction describes the change in length seen in most 
ferromagnetic materials when they are magnetized in response to applied magnetic field. This 
change is referred to as positive magnetostrictive for increases in length parallel to the applied 
field (e.g. in iron), or negative magnetostrictive when the length parallel to applied field 
decreases (such as in nickel). The fractional change in length is a strain and can be calculated 
by [15]: 
 𝜆 = ∆NN                         (2.6)  
            where λ is the magnetostrictive strain and ∆l/l is the fractional change in length. The 
values of the magnetostrictive strain (λ) change with increase of applied magnetic field up to a 
saturation value, as shown in fig 2.5. This value of strain is called saturation magnetostriction 
λs. 
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Figure 2.5: The fractional magnetostrictive strain (λ) as function of an applied magnetic field, used 
with permission from [15]. 
         
        This change in length is very small, typically of the order of 10-5 regardless of it being 
positive or negative, but the associated energy is significant enough to rearrange the domain 
structure.   
        However, if the lattice is changed by strain the distances between the magnetic atoms is 
altered and hence the interaction energies are changed. This produces magneto-elastic 
anisotropy. The magneto-elastic effect arises from the spin-orbit interaction.  
        For an elastically isotropic medium, with isotropic magnetostriction, the magneto-elastic 
energy per unit volume is given by[15]: 
𝐸 = − OH 𝜆𝜎𝑐𝑜𝑠H𝜃			          (2.7) 
Where σ is stress and 𝜃 is the angle between the magnetisation and stress directions. 
2.2.5 Zeeman energy 
             The Zeeman energy, Ez, arises from the interaction between the applied field and the 
magnetic moment of the material and is given by:    
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𝐸𝑧	 = −𝜇0𝑀𝐻𝑐𝑜𝑠	𝜃	                      (2.8) 
Where; q  is the angle between the applied field and the sample’s magnetisation.  
             
            The Zeeman energy is minimised when the magnetic field and magnetization are 
parallel, and hence is responsible for the tendency of magnetization to align to an externally 
applied magnetic field. “ 
 
 
2.3   Hysteresis loops 
            When a magnetic field is applied to a ferromagnetic material, the magnetic domains 
start to rearrange to become parallel to the field. The domains parallel to the field start to grow 
at the expense of other domains. As mentioned before, the growth of domains happens by the 
motion of domain walls. The growth of domains continues with increase of magnetic field until 
a single domain is achieved in which all of the magnetic moments are aligned in the same 
direction. This is often accompanied by a degree of domain rotation to bring the magnetization 
perfectly parallel to the applied field. When the applied magnetic field is reduced gradually to 
zero, the magnetization of the ferromagnetic material usually reduces in magnitude but 
doesn’t reach zero, remaining instead at a value called the remanence magnetization (Mr). This 
ability to remember magnetic history is known as " hysteresis"; therefore, plots of M-H or B-H 
are called “hysteresis loops”. By continuing to reduce the magnetic field beyond zero, the 
magnetization can eventually be reduced to zero; the magnetic field required to achieve this 
is called the coercivity (Hc). Fig 2.6 illustrated this process and illustrates the various stages of 
domain growth from multiple domains through to single domains at high fields.  
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Figure: 2.6: General schematic of magnetization hysteresis loop of ferromagnetic materials 
with points of Ms (saturation magnetization), Mr (remanence) and Hc (coercive field). Examples 
of domain configurations at various points in the hysteresis loop are also shown. 
 
 
2.4   Ferromagnetic materials types 
            Ferromagnetic materials include iron, cobalt, nickel and many alloys which contain one 
or more of these elements. These can be divided approximately into two categories based on 
their response to magnetic field: materials with a narrow (low coercivity) hysteresis loop (due 
to low spin-orbit interactions and, therefore, magnetocrystalline anisotropy) are referred to as 
‘soft’ ferromagnetic materials while those with a wide (high coercivity) hysteresis loop (due to 
low spin-orbit interactions and, therefore, magnetocrystalline anisotropy) are referred to as 
‘hard’ ferromagnetic materials (fig 2.7).  
Chapter 2. Magnetism and magnetic materials 
 
19 
 
 
 
 
Figure 2.7:  Soft (left) ferromagnetic and hard (right) ferromagnetic material hysteresis loops 
(adapted from ref [19]). 
         
          Hard ferromagnetic materials have high coercivity and often also have large values of 
remanence magnetization. Typical hard ferromagnetic materials include certain ferrites (e.g. 
barium ferrite BaO . 6Fe2O3 and strontium ferrite SrO.6Fe2O3), AlNiCo and, most notably, rare-
earth magnets such as Nd2Fe14 and SmCo [17]. Consequently, they are often used as 
permanent magnets for use in applications such as motors and turbines. 
 
Soft ferromagnetic materials are readily magnetized with small applied magnetic fields 
and hence have small coercive fields and often small remanence magnetization. Accordingly, 
soft ferromagnetic materials such as iron or silicon steel are used in solenoids, transformers 
electromagnets and sensors including in the write and read heads of magnetic hard disks.  
 
2.4.1 Permalloy  
           A soft ferromagnetic alloy that contains nickel-iron to ratios close to 80:20 is called 
permalloy. Generally, these alloys exhibit high magnetic permeability and low coercivity [17], 
[19]. They are often used as thin films or foils and are generally of low cost. Permalloy has many 
applications, including in some designs of magnetic hard drive read/write heads (Fig 2.8). 
 
H
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Figure 2.8: The main components of hard disk drive, including the write and read heads, 
which can contain permalloy. [20] 
 
 
        The magnetocrystalline anisotropy of Nickel–iron is zero for a particular ratio [17]. Ms of 
permalloy depends on the nickel content as well as the degree of impurities and thermal 
history of the sample [17].  The saturation magnetization of Ni-Fe more generally increases 
with increasing Ni content contain up to 45%, and then reduces with further Ni additions.  Ms  
is about 8x105 A/m for Ni81Fe19 [17]. The Curie temperature increases with increasing nickel 
content to about 65% and then starts to decrease; for Ni81Fe19 it is about 450 oC. Figure 2.9 
shows the variation of magentocrystalline anisotropy, Curie temperature and saturation 
magnetization with nickel weight percent. These properties make permalloy composites close 
to Ni81Fe19 very popular for use in magnetic structures, as will be discussed in sections below. 
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Fig 2.9: The variation of magnetocrystalline anisotropy, curie temperature Tc and the saturation 
magnetization Ms with amount of nickel ratio, (used with permission from [17]). 
         
           The magnetostriction of permalloy depends on the amount of nickel ratio but λ is 
zero for Ni content close to 80% as shown in fig 2.10. 
 
 
Fig 2.10: The variation of saturation magnetostriction with amount of nickel ratio (used with 
permission from  [15], [21]). 
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2.5 Magnetic anisotropy 
         The observed magnetic response of ferromagnetic materials often depends on the 
direction in which measurements are performed. This also means that the magnetic energy 
terms and shape of hysteresis loop will be affected accordingly. Over and above the 
magnetocrystalline anisotropy discussed in §2.2.3, other anisotropy terms result from the 
shape of the magnetic element, or induced by several external factors such magnetic 
annealing, plastic deformation and irradiation. Here, we are most interested in shape 
anisotropy because the material used here, permalloy (Ni81fe19), has near zero 
magnetocrystalline anisotropy and was not subject to any processing that could induce 
anisotropic behaviour. Shape is, therefore, left as the primary term for dictating any magnetic 
anisotropic behaviour.       
 
2.5.1 Shape anisotropy  
             Sample shape is a very important factor in the magnetic response of soft ferromagnetic 
materials. In the absence of any other source of anisotropy, a soft ferromagnetic object that is 
geometrically isotropic, i.e. a sphere, will have identical magnetic behaviour in any direction. 
This is because the demagnetizing field will be of equal magnitude when the object is 
magnetized in any direction. As soon as the geometry becomes anisotropic (non-spherical), 
the demagnetizing field magnitude depends on the direction of (saturated) magnetization; 
usually, the demagnetizing field is weaker when an object is magnetized along longer axes due 
to greater separation of magnetic poles. As explained below, this will affect the magnetic 
behaviour in different directions, e.g. requiring different magnetic fields to achieve saturated 
magnetization. Usually this results in magnetization along a long axis to be easier to achieve 
than along a short axis. Accordingly, the shape of the hysteresis loop is (in the ideal case) square 
when the magnetic field is applied along easy axes (fig. 2.11(a)), or linear with no hysteresis 
(fig. 2.11(b)) when the magnetic field is applied along hard axes.    
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Figure 2.11: The shape of hysteresis loop when applied the magnetic field along (a) hard axis and 
(b) easy axis, (adapted from ref. [10]). 
   
 
           The internal demagnetizing field, Hd, noted in §2.2.2 opposes any magnetization, M. The 
magnitude of Hd depends on the shape of the magnetic element, i.e.  
 𝐻U = 𝑁U𝑀                                (2.9) [10] 
 
where Nd is a directionally dependent value called the shape factor or demagnetizing 
factor. 
 
        The magnetostatic energy, Ems, also uses the demagnetizing field and can be calculated 
as: 
 𝐸WX = YZ[\0]/                           (2.10) [15] 
 
By substituting Eq 2.10 into Eq 2.11 obtains: 
  𝐸WX = YZ[\^]/Z                   (2.11) 
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The demagnetizing factor Nd can be described as the sum of three orthogonal 
components Nx, Ny, Nz and equal to one, i.e.  
 
 𝑁6 + 𝑁_ + 𝑁` = 1       (2.12) [15] 
 
 
For thin film in the x, y plane,  
 𝑁6 = 𝑁_ = 0 
 𝑁` = 1   
 
 
For long narrower object (such as wire) with its long axis in the x-direction 
 
     	𝑁_ = 𝑁` = 1 2b  
 𝑁6 = 0 
 
2.6 Small magnetic elements 
        In addition to the influence of the shape anisotropy, the size of magnetic particles has a 
strong effect on magnetic properties, often becoming different from the bulk [22]. The radius 
of magnetic particles strongly influences magnetization structure due to non-uniformities 
creating high exchange energy contributions at the small dimensions concerned [10]. There is 
also a material-dependent critical radius below which a particle cannot readily support domain 
walls and is inherently single domain. The critical radius of particles depends on their 
magnetization and exchange constant, and typically lies between 10 nm to 100 nm [22].  A 
single domain particle needs a small magnetic field to reach the saturation point and results 
large coercivity compared to multi domain particles [10] as shown in fig 2.11.  
 
          The unique properties of small magnetic particles and the need to produce devices with 
smaller, faster, more efficient and higher memory densities has pushed the development of 
fabrication techniques to pattern micro/nano-scale magnetic structures. 
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2.7 Summary 
 
       This chapter has reviewed the fundamentals of magnetism and magnetic materials, 
focussing on the phenomenon of ferromagnetism. The five principal energies that govern 
magnetic behaviour: exchange energy, magnetostatic energy, magnetocrystalline energy, 
magnetostrictive energy and that from applied magnetic field (Zeeman energy) were discussed 
in relation to their effect on magnetic behaviour. The concept of a ferromagnetic domain was 
introduced, as well as the formation of multi-domain magnetic configurations and the motion 
of magnetic domain walls. Hard and soft ferromagnetic materials were discussed in terms of 
their response to applied magnetic field, and the material permalloy introduced. The concept 
of magnetic anisotropy was introduced, and especially shape anisotropy, which is relevant to 
the magnetic structures studied here.   
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Chapter 3: Fabrication techniques of micro/nano-magnetic structures 
 
3.1 Introduction 
         Micro/nano-fabrication describes the methods that are used to design and produce 
structures with dimensions measured from micrometres to nanometres. This chapter reviews 
the methods and techniques used to design and fabricate micro/nano-magnetic structures. 
         Humankind has created patterns of materials for thousands of years, usually for writing, 
decorative and artistic purposes. Patterning has assumed greater technological importance in 
more recent history though. Fabrication techniques to produce objects with micro/nano-scale 
features are employed to produce lots of modern applications and devices, for example: 
integrated circuits, solar cells, microfluidics, micro-optics, and MEMS [23], [24] as well as 
magnetic structures for applications such as data storage (e.g. in computer hard disks) [10], 
[17] (Fig 3.1).  
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Figure 3.1: Some products that include components fabricated by micro/nano-fabrication 
processes: (a) solar cells and (b) integrated circuits. 
          
            However, the significant developments in production of micro/nano-scale applications 
and devices are a consequence of progress in the development of patterning processes that 
can make smaller and smaller objects. The study of small-scale elements has driven the 
development of fabrication techniques that offer higher spatial resolution (or reducing the 
power consumption, cost and time of fabrication), which in in turn feeds further research of 
nano/micro-scale elements. 
 
          The introduction of integrated circuits gave huge impetus to miniaturization research and 
today sees billions of electronic devices on one semiconductor chip. This has driven an orders-
of-magnitude reduction in cost, size and operating speed of electronic devices, and forms the 
backbone of the modern computing revolution.  
 
a
b
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            This project aims to develop a novel micro/nano-fabrication process and investigate the 
properties of the resulting miniature structures. Fig 3.2 explains the research-production cycle 
and the main aim of this project. 
 
 
 
Figure 3.2: Typical cycle of research and production development relevant to micro/nano-
fabrication. 
  
3.2 Micro/nano-fabrication techniques 
          The word ‘lithography’ is often used to describe micro/nano-scale patterning techniques 
and yet originally referred to writing on the surface of stone, being derived from two Ancient 
Greek words: lithos, meaning stone, and graphine, meaning to write [24]. The lithography 
process was invented in 1796 by Aloys Senefelder to transfer an engraved image onto paper if 
inked and treated with appropriate chemicals [24]. Since then, there has been a steady 
development of other approaches to lithography, leading to today’s nanofabrication 
techniques. However, the lithography process remains the most difficult, time-consuming and 
expensive of all the stages of device fabrication [25] and patterning techniques continue to be 
developed to try to alleviate the constraints of lithography.  
          Magnetic structures are used in many applications and devices such as: magnetic 
recording [26], data storage[10], [26], actuators[6], sensors[8], [27], [28], and control of 
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magnetic particles[29], [30] or magnetically-labelled cells[5], [26]. Various types of 
micro/nano-fabrication techniques are used to patterned micro/nano-magnetic structures, for 
instance, photolithography, electron beam lithography, ion beam lithography, X-Ray 
lithography and soft lithography.  
         The following sections review common lithographic techniques that are used to fabricate 
micro/nano-magnetic structures and evaluate each in terms of their speed, cost, resolution 
and complexity. Micro/nano-scale patterning techniques fall broadly into two categories of (a) 
resist-based lithography and (b) non-resist-based lithography and will be introduced here 
under these classifications. 
 
3.2.1 Resist- based lithography 
            Resist-based lithography refers to lithographic techniques that use a sacrificial layer (the 
‘resist’) in order to transfer the desired pattern onto a substrate. This ensures that lithographic 
processes can be optimised for a resist and used to pattern many different thin film materials, 
including multilayers. Resist-based lithography is well-suited to multi-level lithography to create 
multiple layers of patterns.  
           Resist–based lithography can be further divided into techniques that use a mask to project 
a pattern onto the resist, and adaptive or ‘direct-write’ techniques that allow the pattern to be 
controlled and changed as desired for each exposure. Masks allow identical exposures to be 
performed highly efficiently but direct-write techniques offer greater flexibility and are often 
preferred for prototyping and low volume fabrication. Photolithography will be discussed first 
and, in some depth, because it includes many of the processes relevant to other techniques, with 
only minor differences. X-ray, electron beam, ion beam lithography and soft lithography 
techniques will then also be discussed. 
 
           Generally, micro/nano-fabrication can be divided into pre-lithography, lithography and 
post-lithography processes. Fig 3.3 shows a basic flow chart giving more detail of these main 
stages for resist-based lithography. 
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Figure 3.3: A simple flow chart of standard resist- based lithography micro/nano-fabrication 
processes, where UV (ultraviolet) and e-beam (electron beam) are abbreviations. 
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 3.2.1.1 Photolithography  
              Photolithography is the most common fabrication technique used to pattern 
structures at the micro/nano-scale [23].  Photolithography usually includes 10 - 100 separate 
steps [23] and usually follows the steps shown in Fig. 3.3. Pre-lithography starts with creating 
the desired pattern by computer and, for standard mask-based photolithography, fabrication 
of the mask.  Choosing the proper substrate depending on the application and fabrication 
technique. Various types of materials are used as substrate to build micro/nano-system such 
as: amorphous silicon/silicon dioxide, crystalline silicon, quartz and glass [23], [31]. Each 
substrate material has advantages and disadvantages but silicon is the most common and the 
mainstay of micro/nano-fabrication due to its electrical properties, cost, smoothness and 
availability in various sizes [23], [24], [31], [32]. Substrate cleaning is crucial in order to remove 
all organic and inorganic contaminants from the surface as these can affect the fabrication 
process and lead to unwanted resist removal or retention. The cleaning is ideally carried out in 
a cleanroom [23] using a chemical ultrasonic treatment with solvents suitable to the substrate 
[24], [33], e.g. acetone followed by ethanol. Insulating barrier layers for later processing (e.g. 
as an etch stop) [23], [32] commonly uses a deposited layer of SiO2 [23]–[25], Si3N4 [23], [34] 
or TiSi2 [23], [35]. In some cases, layers of the final materials are deposited first and etched 
after patterning of the resist material, as discussed below. 
 
The lithography process then begins with addition of the photo-sensitive polymer 
(photoresist) to the substrate. Photoresist films are deposited onto the surface of substrate, 
usually by one of three approaches: electrochemical coating, spray coating and casting, and 
spin-coating [23], [24]. Of these, spin-coating is the most common method for low-volume 
prototyping on small (sub-cm) substrates.  For spin-coating, the substrate is spun at speeds of 
up to 10,000 rpm [23] after the resist solution is added to achieve a uniform layer. The 
thickness of the photoresist is controlled by the spinning speed, solvent evaporation rate and 
photoresist viscosity [23], [32], [36] and is typically between 0.1µm and 2.5µm[24], [32]. After 
spinning, the resist is soft baked (typically at 60-100 0C for (5-30 min [[25], [32]) to drive off 
any remaining solvent and improve the adhesion of the resist to the substrate. 
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In general, there are two  types of photoresist; positive and negative [24], [32]. The two 
types of resists need to be sensitive to the UV light that is applied in photolithography or to 
the other type of radiation that they are exposed to for patterning such as: visible, infrared or 
ultraviolet light, X-rays, electron beams and ion beams. Organic polymer resists such as 
polymethylmethacrylate (PMMA) are commonly used. The incident radiation causes the 
degree of polymerisation in the resist to change. In the most commonly used resists (known as 
‘positive’ resists), exposure results in bond breaking to reduce the polymer chain length (e.g. 
with PMMA)[32], [36]. Conversely, negative resists become more polymerised during 
exposure. In either case, exposure is then followed by a development step that removes the 
more soluble smaller-length polymer chains. With positive resists, this removes the exposed 
regions while with negative resists it is only the exposed regions that remain. A choice of 
positive and negative resist widens the range of subsequent processing techniques that may 
be used to create patterns of the final material. Examples of negative resist materials include 
SAL-601, AZ-PN-100, while positive resists include PMMA, ZEP-520 and MMA [24], [37]. Fig 
(1.4) [25], [38] shows a comparison of positive and negative photoresist processes.      
                                                                                                                                                                                                                                                                                                                                                    
 
Figure 3.4: Photolithography using negative or positive photoresists (adapted from ref. [38]). 
 
Resist
SiO2Si
Mask
SiO2Si
SiO2Si SiO2Si
SiO2Si
SiO2
Si
Negative 
resist 
Positive
resist 
Chapter 3.  Fabrication techniques of micro/nano-magnetic structures      
 
33 
 
The lithography stage can now begin and pattern transfer take place. This is often 
achieved using a mask containing a copy of the desired pattern. The pattern transfer can be 
accomplished either by bringing the mask into contact with the resist in close proximity or 
using projection optics [23], [24], [32]. The light is most commonly ultraviolet (UV) [32] but 
extreme UV [32], [39] sources and optics have been developed over the past 20 years and this 
short-wavelength radiation is now commonly used to define state-of-the-art CMOS 
architectures [40], [41].  
 
            Masks are typically transparent plates of quartz or glass covered with pattern defined 
with a chromium layer (typically 100-Å thickness) [7], [17] to absorb or reflect light. while the 
transparent mask areas allow the light to pass through and reach the photoresist. 
 
            Simple masks offering sub-micrometre resolution are available commercially for under 
$1000. However, fabrication sets for (what was) state-of-the-art computer chip fabrication 
typically include 15 individual masks cost more than $500,000 in 2005 (offering 130 nm 
resolution) [23], [42] and up to $2 million in 2006 (for 65 nm resolution) [42], [43]. An order of 
magnitude improvement in resolution (14 nm [44] and 10nm [45]) has since been achieved but 
will require higher costs still.. 
 
The resolution R of mask-based lithography is given by [23], [25]: 
 𝑅 = 𝑘𝜆																																																	(3.1) 
 
           where k is a constant and l the wavelength of the light used. The value of k depends 
primarily on the numerical aperture (NA) of the lens system used for exposure and the 
dimensions and diffraction at the edges of mask. Accordingly, k can be reduced to improve the 
resolution by choosing the appropriate exposure system or reducing the gap between the 
wafer and mask in proximity exposure [23], [25], [32].  
Equation 3.1 also shows how pattern resolution with masks is related to l . Reducing l 
has been a key part of improving resolution in state-of-the-art semiconductor fabrication 
facilities and the emergence of EUV systems [25].  
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Photolithography can also be achieved using point-by-point exposure of the resist to a 
scanning focussed laser beam [46], [47]. This offers considerable flexibility in pattern design in 
computer-controlled systems but at the expense of longer exposure times compared with 
mask-based lithography. 
 
Once exposure is complete, the resist is developed by immersion in a developer 
solution to selectively remove short-chain photoresist, i.e. exposed positive resist or non-
exposed negative resist (Fig. 3.4) [24], [32]. The developed resist is then hard baked to increase 
its hardness and adhesion to the substrate, a process that typically involves heating the sample 
to 120-180°C for 20-30 min [24], [32], [48]. The resist patterning process is now complete. 
 
             The final stage of the fabrication process (post-lithography) may contain a number of 
subtractive or additive processes or both. Etching processes are subtractive and in lithographic 
patterning remove regions of the sample not covered by the resist. Wet etching can be 
isotropic or anisotropic, is very rapid [23], [24], low cost and uses etchants such as 
NH4F:CH3COOH:C2H6O2 (ethyleneglycol):H2O for removing SiO2 [23]. Isotropic etches tend 
to make round sidewalls but anisotropic etches makes vertical sidewalls. However, wet etching 
limits the resolution that can be achieved [23], [24], [36]. Figure 3.5 shows the difference 
between isotropic and anisotropic wet etching. 
 
 
 
Figure 3.5: The material profile obtained after isotropic and anisotropic wet etching (adapted 
from ref. [25]). 
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               Dry etching techniques are based mostly on using plasmas [23], [24], [32]. The main 
dry etching approaches are: high-pressure plasma etching, in which the highly reactive species 
of plasma etchers are created that react with the material that is to be etched; ion milling, 
where ions are accelerated towards a substrate and remove atoms by sputtering; and reactive-
ion etching (RIE), in which plasma ions (typically  SF6/Ar) react with atoms in the (solid) sample 
to create gaseous molecules [25], [32], [36]. Dry etching techniques have numerous 
advantages compared with wet etching, such as supporting higher resolution fabrication, 
creating less undercutting, higher anisotropic (less uniform material removal) and maintaining 
greater cleanliness. However, dry etching techniques are often more expensive, relatively slow 
and (except RIE) offer low selectivity [24], [32].  
 
           Deposition processes are used to deposit the desired material on the resist pattern after 
development [23] to realise the required pattern (note that etching can also be used to pattern 
a previously deposited layer – see §3.2.1.4 below). There are numerous types of deposition 
techniques can be used for this purpose; for instance: 
 
1- Physical vapour deposition (PVD) [23], [32], [49]. 
a- Evaporation (discussed further in chapter 5). 
b- Sputtering. 
c- Cathodic arc deposition. 
d- Pulse laser deposition. 
2- Chemical vapour deposition (CVD) which uses the reaction chemicals open deposition 
[23], [32], [49].                                                                                          
3- Atomic layer deposition (ALD)[49]. 
 
 The final step of photolithography is lift-off removal of the remaining photoresist and any 
deposited material above it. This process is carried out by soaking the sample in a remover 
solvent, often under ultrasonication and at temperatures of 80-120 0C to overcome the resist 
adhesion to the substrate. The lift-off process can take a few minutes to several hours 
depending on the resist material, resist thickness and pattern design [6], [7].  
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         The key advantages of photolithography are that is offers high throughput [23] due to its 
full-field exposure and can have high resolution, with sub-micrometre resolution using lab-
based UV lamp systems [23], [36] to sub-10-nm resolution possible with the latest EUV sources 
in semiconductor fabrication plants [50]. However, photolithography also involves many 
complex steps [13], [36] so that it can be cumbersome and time-consuming [13], expensive to 
set up high resolution facilities [13], [31] and dependent on alternative techniques to pattern 
a photomask. It is also ill-suited to prototyping and being used in flexible design as new masks 
are required for each new design. 
 
3.2.1.2 X-Ray lithography  
       X-rays were first used expose photoresists instead of UV light by International Business 
Machines (IBM) in 1969 [51]. X-ray lithography is also called high-aspect-ratio micromachining 
process (LIGA; an acronym of the German words LIthographie, Galvanoformung and 
Abformung) due to short wavelength of x-rays that can penetrate through thick layers (from 
hundreds of micrometres to millimetres) of photoresist without scattering into transverse 
directions for several micrometres. Therefore, it can fabricate structures with aspect ratios of 
up to 100:1, lateral resolution reaching sub-micrometre dimensions and thickness extending 
to millimetres [32], [51]. The X-ray lithography process follows similar steps to contact or 
proximity photolithography with differences in mask and photoresist materials, and in 
preferred deposition technique. Thick layers of PMMA are required but thinner layers of high 
sensitivity photoresist are more commonly used [24], [32], [51]. X-ray lithography  masks tend 
to be made of titanium (Ti) and  beryllium and the preferred alignment type is proximity to 
avoid damaging the mask [23], [24], [51]. The high aspect ratios achieved with X-ray lithography 
mean many of the deposition techniques used in traditional photolithography are unsuitable. 
Instead, electrodeposition is often used to fill the regions where resist has been removed and 
relies on highly conductive underlayers.  These features are summarised in Fig. 3.6.  
            
        The lateral resolution of X-ray lithography can reach 30 nm [52], [53] but the commonly 
used proximity exposure configuration leads to a reduction in resolution to near-micrometre 
dimensions [23], [24], [32], [54]. High aspect ratio structures with thicknesses up to the 
millimetre range can be achieved [23], [32], [51].  But, the throughput of X-ray lithography is 
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very low,  therefore it used only  for the purposes of research and development [24], [32], [51].  
Also the damage of masks and the high cost of the X-ray sources causes this to be a relatively 
expensive technique [24], [32].  
   
 
 
Figure 3.6:  The X-ray lithography process[55]. 
 
3.2.1.3 Electron beam lithography 
    Electron beam lithography (EBL) uses a focused electron beam to directly expose an 
electron-sensitive resist without the need for a mask[24], [52], [56]. Some consider EBL to be 
a ‘direct write’ technique [57] but here it will be categorized within resist-based lithography 
techniques as it mostly follows same processes of resist-based lithography shown in Fig. 3.3.   
 
    Electron beams are typically accelerated to 100 keV to 200 keV [58] for exposure, which 
gives the electrons de Broglie wavelengths of the order 1 nm. This short wavelength compared 
to those of UV or even EUV radiation means that very high lateral resolutions of sub-10-nm are 
possible [58], [59]. The electron beam is scanned across the resist to expose regions designed 
by the user, making it highly suitable for prototyping and low-volume fabrication. For these 
reasons it is very popular within device research. Numerous materials can be patterned using 
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EBL although patterning of resists on dielectric underlayers often necessitates an additional 
conducting layer to be deposited on the resist in order to create a conduction pathway for the 
incoming electrons [36], [58]. However, EBL is slow, since it marries the pixel-by-pixel scanning 
with the large number of steps shown in Fig. 3.3. It also requires expensive capital equipment, 
with cost often several millions of dollars [52], [60].  These systems (e.g. Fig. 3.7) tend to be 
highly complex and sensitive and, consequently, often require frequent maintenance to ensure 
good performance [24].    
 
 
  
 
Figure 3.7:  Schematic of a basic E- beam lithography system (adapted from ref  [52]). 
 
               
 
 
X-Y Mask 
data
Table position 
monitor 
Mechanical 
drive 
Computer
Electron gun
Beam blanking
Deflection coils
Vacuum 
chamber
Table 
Metal filmSubstrate Electron 
resist
Chapter 3.  Fabrication techniques of micro/nano-magnetic structures      
 
39 
 
3.2.1.4 Ion beam lithography 
  Ion beam lithography includes three main techniques: ion projection lithography (IPL), 
focused ion beam (FIB) exposure and proton beam writing (p-beam writing) [24], [61]. All three 
approaches are used in vacuum and expose a resist to change its solubility, ready for 
subsequent processing as described in §3.2.1.1 above [24]. FIB writing is also often used to 
pattern a material directly without the use of a resist therefore, FIB will be categorised within 
(non-resist-based lithography) because it most common to use as a direct etch tool (see 
§3.2.2.1). 
 
In IPL, an ion beam passes through a mask in proximity before patterning a region of 
resist, similar to proximity photolithographic processing [62]. Ions are typically protons, H2+, 
He+ or Ar+ [62] and resist materials commonly TiO2 or TiO2/ Al2O3 [63].  
 
3.2.1.5 Soft lithography  
               Soft lithography describes a range of micro/nano-scale fabrication techniques that use 
elastomeric stamps and moulds [24], [64], therefore, the key element in soft lithography is the 
stamp. This techniques include micro-contact printing (μCP), micro-transfer moulding  (μTM), 
replica moulding (REM), solvent-assisted micro-moulding (SAMIM) and micro-moulding in 
capillaries (MIMIC) [31], [37], [65].  
 
 
In general, soft lithography processes start with making a master template by 
photolithography or EBL, and dry etching or lift-off [31], [37], [66] as explained in §3.2.1.1.  
 
The stamp materials are then poured in the template to produce the stamp.  The most 
common materials used to produce the stamps are rubber or silicone (also called PDMS; 
polydimethylsiloxane) [67]. The stamp is peeled off from the template carefully. The stamp is 
coated with a solution ink that contains alkanethiol on gold or a trichloroalkylsilane on silicon 
oxide [66] before being brought into contact with a substrate in order to transfer the ink and 
create a pattern [37], [65]. After application of the stamp, the transferred material has to be 
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left to dry. The drying time is dependent on the material and feature size, but the typical time 
is between 20 to 30 min [67]. 
 
Soft lithography also used to pattern resist for fabricating submicron ring magnets[68]. 
 
Figure 3.8 explains the process of soft lithography [69]. The resolution of soft 
lithography is limited by many factors including: contraction or pairing of features of stamp 
during working, where it is impossible to isolated the dot-type structure  each other[64], [67]; 
hydrophobic interactions, because  it is difficult for inks based on water to flow through the 
channel because stamps are hydrophobic [66], [67]; and thermal expansion of the mould [37], 
[66].   
 
Soft lithography techniques are relatively fast, e.g. requiring a few hours to produce a 
structure [37], [64], [65], compared to other techniques. The mould and stamp can be used up 
to 40 times [31], [37], [66], which makes soft lithography relatively inexpensive compared with 
other techniques, although it becomes important (and challenging) to avoid damage to the 
mechanically soft mould during use [37], [65]. However, the mechanical flexibility of the mould 
material means soft lithography can be used on curved substrates [31], [66]. Soft lithography 
can achieve resolutions better than 100 nm [37], [65] and is being extended to 30 nm [31], 
[67]. 
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Figure 3.8: Soft lithography process( adapted from ref [65]). 
 
     
3.2.1.6 Other techniques  
                There are further of resist-based lithography techniques such as interference or 
holographic lithography that follow similar processes to those described.  These techniques 
are used to pattern structures of fine features without need to use of photomasks in processes 
similar to those used in electron-beam or X-ray lithography [36]. In interference lithography, a 
laser beam is divided using a beam splitter into two coherent beams, then the split beams are 
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recombined at different angles onto a photoresist. The resulting structures will reflect the 
sinusoidal laser intensity resulting from the interference of the beams. 
 
3.2.2 Non-resist-based lithography 
            A number of lithographic techniques create patterns without the use of a resist or mask. 
These are known as ‘direct write’ techniques and will be introduced briefly here. 
 
3.2.2.1 Focused ion beam (FIB) 
 
Focused ion beam (FIB) writing controls a focussed beam of ions to create a user-
defined pattern. FIB most commonly uses Ga+ ions (since Ga is a liquid at room temperature, 
which makes possible continual replenishment of the ion source) accelerated to several keV 
but other ions such as Au/ Si, Au/Si/Be or Pd/As/B are also sometimes used [24], [70], [71]. 
Although FIB techniques can be used to alter the local solubility of a resist [24], they can also 
be employed to create local patterning by milling a resist [24], [70], milling a thin film of the 
desired final material (including magnetic materials) [72] or change the magnetic nature of a 
thin film by Ga implantation, e.g. change regions from being ferromagnetic to paramagnetic 
[72]. Focused ion beam milling (FIBM) can be categorized as a direct write process.  
            
 
FIB systems often have a spot size below 10 nm. Therefore, it they offer higher 
resolution than photolithography and X-ray lithography [24], [61] but lower than EBL. Ion beam 
lithography tends to be very slow so throughput is also very slow and, according to some 
sources, slower than EBL [24], [73]. Also, the system can frequently damage the underlying 
sample because of the high energy ions [24], [73]. Ions can often become embedded in the 
material through scattering processes over many tens of nanometres laterally, which can limit 
the resolution of the technique [43]. Ion beam lithography is also expensive [24].     
3.2.2.2 Scanning probe lithography (SPL) 
               Scanning tunnelling microscopy (STM) was invented in 1985 by Binnig and Rohrer [74] 
and was quickly followed in 1986 by Binnig and Quate inventing atomic force microscopy (AFM) 
Chapter 3.  Fabrication techniques of micro/nano-magnetic structures      
 
43 
 
[75]. These approaches fall under the more general terms of ‘scanning probe microscopy’ 
(SPM) [54], [76].  
 
SPM can be adapted to create patterns on a surface, in a process known as ‘scanning 
probe lithography’ (SPL), rather than just providing an image of a surface. SPL methods use a 
sharp probe tip to create patterns on a substrate [77] by local heating [54]. In general, the 
desired materials are coated on the sharp probe (tip) then induced to transfer from the tip to 
a surface of substrate. This process is realised by one of two methods: flowing very small 
electric current between the tip and substrate, which generated from applied voltage pulse or 
by applying a laser beam to melt the material on the tip to allow it to flow onto the adjacent 
substrate [77]. Figure 3.9 shows a schematic of SPL with the two methods to transfer the 
desired materials from the tip to substrate. 
 
 
 
 
Figure 3.9: The schematic of the two methods  for heating material on a scanning probe tip to 
create transfer to substrate: a, laser heating [77]; b, applied voltage pulse [54]. 
 
 
       SPL techniques offer high resolution (sub-10-nm) single-step direct write fabrication [77]. 
However, they tend to be slow, with poor throughput and small work areas (a few µm2) [36], 
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[54], [77]; consequently, SPL tends to only be used in research activities. SPL also suffers from 
frequent damage to the probe [36], [77]. 
 
                                               
 
         The capability and limitations of each technique that discussed in this chapter are 
summarised in table 3.1, also table 3.2 involve some examples images of structures fabricated 
these techniques.  
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Table 3.1: Capability and limitation of miniaturization techniques. 
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Table 3.2: Samples of SEM and AFM images of 2-D and 3-D structures produced using lithographic 
techniques : a- AFM images of gold nanoparticles fabricated by photolithography [78], b- SEM images 
of 3D nanostructures fabricated by electron beam lithography demonstrated with less than 20 nm 
misalignment [79], c- Nano-gratings fabricated by focused ion lithography implantation [80], d-
Photonic crystal made by X ray lithography[81], e- SEM image of an array of silver disks fabricated 
using soft lithography [82], f- SEM image of a 2-D array of hexagonal pits fabricated using scanning 
probe lithography [83] and g- SEM images of  negative photoresist columns created by interference 
lithography [84]. 
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3.3 Summary  
         The fabrication techniques used for patterning micro/nano-scale magnetic structures 
were reviewed in this chapter. We have covered the history of lithography from the first 
attempt in 1796 by Aloys Senefelder to transfer an engraved image onto paper through to 
modern lithographic techniques. Techniques have been compared in terms of their speed, 
cost, resolution and complexity, with each offering advantages and disadvantages, and no 
single technique is appropriate to all situations.
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Chapter 4: Laser Direct writing  
4.1 Introduction  
         Laser direct writing (LDW) is an important category within direct write technologies [57]. 
LDW has become popular due to its unique ability to add, subtract, or modify materials, an 
ability to apply very precise amounts of energy to small, accurately defined areas and the 
flexibility to produce 1D to 3D complex structures with high resolution under computer control 
[57], [85]. Structures are designed and written directly in a single step without the need for 
masks and the associated long, complex process of traditional lithography techniques 
discussed in the previous chapter [13], [85]. These characteristics of LDW often result in 
reduced production costs and fabrication time, which of course creates increased productivity 
[85]–[87].   
          
         AT&T Bell Laboratories and Lawrence Livermore National Laboratory introduced LDW in 
1980 by to produce one and two dimensional micro-scale structures for electronic circuits [57]. 
Joint work of the Max Plank Institute in Germany and the US Naval Research Laboratory in 
1990 saw the first use of LDW to pattern three-dimensional structures for wider applications 
such as photonic crystals and MEMs[57]. 
 
 
4.2 LDW system   
         A typical LDW system contains three main parts of a laser source, optics to deliver the 
laser beam and a sample/platform scanning system (Fig. 4.1). 
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Figure 4.1: Schematic of the main three parts of a laser direct write (LDW) system: laser source; 
laser beam delivery system; and sample/platform scanning system. 
       
         
The key part of any LDW system is the laser source. These are usually pulsed lasers but 
high power continuous wave (CW) lasers can be used [85], [86]. A wide variety of lasing media 
can be used in LDW, including solid state, gas-based and liquid state [14], [88]. There is a 
corresponding range of laser wavelengths used, from ultra-violet (e.g. 193 nm ArF excimer 
laser light [89]) to mid-infra-red (10.6 µm wavelength from CO2 gas lasers) [89], [90]. The 
material used and process requirements determine the most suitable choice of laser in terms 
of pulsed or CW, wavelength, pulse energy or continuous power, and pulse duration [85], [88].  
 
A range of optical components can be used to deliver the laser to the working head as 
well as control the required average power, spot size and wavelength. Optical components 
may include conditioning lenses, objective lenses, mirrors, filters, prisms, shutters, masks and 
optical fibres [86]. 
  
The third element of any LDW system is the scanning stage. This is usually achieved 
using galvanometric scanning mirrors to steer the laser beam across a sample or sample 
motion stages to move the sample beneath a stationary laser beam. The sample motion stages 
Laser beam delivery 
system
Sample/platform scanning 
system
Laser source 
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usually allow linear control of the sample in either two- or three-dimensions [85], [86]. The 
resolution of the LDW-generated patterns is governed by both the focal spot size and scanning 
system resolution. 
 
4.3 Laser-material interaction  
         Pulsed laser beams can be used to remove very small areas of material from a substrate 
(workpiece) with high accuracy in a process called ablation [88]. The ablation process results 
from various light-matter interactions but, principally, from a material absorbing sufficient 
laser energy in a short period of time.  
 
Light that is incident upon a material can be reflected, absorbed and/or transmitted by 
the material. The manner in which laser light interacts with the material is dependent upon 
the laser wavelength and frequency, the material’s optical properties, surface finish and, for 
thin films and structures, and sample dimensions (e.g. film thickness) [88].  
 
The reflectivity of normal incidence light is governed by the Fresnel equations [88]: 
 𝑅X = efgfhiH = ejY klm(nh)ojZklm	(np)jY klm(nh)qjZklm	(np)iH                        (4.1) 
 𝑅r = efgfhiH = ejY klm(np)ojZklm	(nh)jY klm(np)qjZklm	(nh)iH                          (4.2) 
 
where Rs and Rp are the intensity reflection coefficients of s- and p-polarized light, 
respectively, Ei and Er are the incident and reflected optical electric fields, respectively, n1 and 
n2 are the refractive indices of the initial and final material, respectively, and qi and qt are the 
angles of incidence and transmission, respectively.  
 
The effect of light absorption by a material is described by the Beer-Lambert law [88]: 
 𝐼(𝑧) = 𝐼)𝑒ou`                                             (4.3) 
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         where I(z) is light intensity at depth z in the material, I0 is the non-reflected incident light 
intensity and α is the absorption coefficient (usually expressed in units of cm-1) of the material 
at the incident wavelength of light. Eq. 4.3 shows that I(z) will decay exponentially with depth 
z, leading to highly non-uniform deposition of energy within a material. However, the laser 
energy can be approximated to be deposited into a depth of 1/a [91].  
 
With metals, the incident photons are most commonly absorbed by conduction 
electrons causing them to become excited by an amount equal to the photon energy [88], [92]. 
This excitation energy is then transferred rapidly to the lattice as heat via internal conversion 
processes [92], [93]. The time required to convert the energy of exited electrons into heat 
depends on the specific material and the mechanisms it undergoes [88], [94]. However, 
thermalization times in most metals are typically between 10-12 s and 10-10 s [88], [95]. Given 
this and the strong thermal diffusivity of most metals, their response to laser light depends 
very strongly on the laser beam dwell time or temporal pulse width [88], [92], [96]. Two 
principal mechanisms can be identified, described as the photothermal mechanism and the 
photochemical mechanism [96]–[99].  The photothermal response occurs when the pulse 
width is longer than thermalization time, i.e. for metals a laser pulse width on the order of  
10-9 s and longer (nanosecond, microsecond and millisecond lasers). In this case, the laser 
energy is converted into heat before or during any ablation process, with the absorbed laser 
energy ∆E, fully converting to internal energy ∆U in the material in order to increase the 
temperature of system, as given by [100]. 
 ∆𝐸 = ∆𝑈 = 𝑐𝑚∆𝑇   (4.4) 
 
where c is the heat capacity and m is the mass of the heated target material and DT is 
the resulting increase in temperature.  
 
 Photochemical (non-thermal) mechanisms occur in materials irradiated by laser pulses 
of width 10-10 s and shorter (picosecond, femtosecond lasers). In this case, the pulse width is 
shorter than the thermalization time of the electronic excitation. Therefore, sufficient 
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absorbed pulse energy will lead to bonds in the material being broken directly without 
significant change in the system temperature. 
  
The incident laser pulse energy, or rather the incident laser fluence, F (optical energy 
delivered per unit area of sample – in units of J/cm2), is also very important in determining the 
nature of the material's response to its irradiation [94]. Making the approximations of 
negligible lateral thermal diffusion and uniform heating, and using ρ = m/(At), where ρ is 
density, A is area and t is thickness through the sample, Eq. 4.4 can be written as: 
 
       	∆𝐸 = ∆𝑈 = 𝑐𝜌𝐴𝑡∆𝑇             (4.5)  
 
so that 
 𝐹 = ∆f} = ∆~} = 𝑐𝜌𝑡∆𝑇   (4.6) 
 
 Even when the incident fluence is below the threshold for melting the sample, 
numerous temperature-dependent processes can be activated, such as reorganization of the 
crystal structure, sintering of porous materials and rapid transformations to high-temperature 
crystal phases [88]. These processes can ‘pattern’ materials by creating local variations in 
material properties (i.e. LDWm). 
  
When the fluence is at or above the threshold for melting the material, the molten 
pools can solidify rapidly (quench) without removal of material [88]. Rapid solidification can 
lead to a variety of results, such as freezing in of defects and supersaturated solutes, formation 
of metastable material phases, recrystallization of larger grains than in the original material, 
and redistributed and/or reshaped material [101], [102].  
 
The material can also be removed (ablated) by fluences above another threshold 
fluence, as will discussed in the following section.  
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4.4 Ablation 
         Ablation processes occur at fluences above a threshold that depends on laser parameters 
such as wavelength and pulse width, and on the thermal and optical properties of the 
irradiated material [88], [95], [103]. The ablation threshold is the minimum energy needed to 
remove material from its surface; however, it can be reduced using multiple pulses, due to the 
cumulative creation of defects [88] as shown in fig 4.2. 
 
 
Figure 4.2 Threshold fluence for ablation of tungsten as a function of the number of 100 fs laser 
pulses (used with permission from ref  [104]). 
 
 
          The ablation (or etch) rate of material removal also depends on the material and the 
characteristics of the laser pulse. For example, using a KrF excimer laser (248 nm wavelength, 
nanosecond-scale pulse length) the ablation rate of bronze and copper samples corresponds 
linearly with the laser fluence [105], but for silver and silver alloys the ablation rate increases 
exponentially with laser fluence, as predicted by the Beer-Lambert law (Eq. 4.3) [88], [105]. 
The depth to which laser energy is deposited is often approximated as 1/a [91], but the 
ablation threshold fluence reduces approximately linearly with the logarithm of a. Using a 
Nd:YAG laser of similar wavelength but longer pulse length (256 nm wavelength, 23 ns pulse 
length) the ablation threshold shows different results [105]. However, the ablation rate using 
femtosecond laser pulses exhibits another type of behaviour, where it increases logarithmically 
14
CHAPTER 2 - ULTRA-SHORT PULSE LASER ABLATION OF COPPER, SILVER
AND TUNGSTEN
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Figure 2.3. Threshold fluence versus the number of applied pulses on a tungsten
sample. Only the filled data points are used in the fit to Eq. (2.3).
tion that only a fraction A of the light is actually absorbed, the threshold fluence
can be expressed as
Fth =
∆Hvap
αA
, (2.4)
As will be the topic of chapter 4, an often neglected problem is the fact that the
absorptanc of the sample changes dramatically during multi-pulse blation. The
single-shot ablation threshold fluence can however be found by applyingAinitial =
(1−Rinitial) with the initial reflectance equal to the Fresnel reflectance. Inserting
tabulated numbers one finds the values listed in table 2.1. It is seen that we have
good agreement between experiment and theory, although the threshold fluence
of copper has previously been reported to be somewhat lower [24, 29] than the
present value. It must be remembered, however, that it is the absorbed fluence
that affects t e material. In Ref. [29] the ab orbed threshold fluence is reported
to be (59±10) mJ/cm2 in excellent agreement with our value of Fabs = F · A =
(1.7±0.3) J/cm2· 0.04 = (68±12) mJ/cm2. In Ref. [24] a value of the absorbed
fluence is not provided nor is a value of the absorptance, but assuming that their
sample has an initial absorptance of 10%, agreement with our data is obtained.
A theoretical expression for the incubation coefficient is not existent, nor is a
description of which materials should exhibit a larger incubational behavior. One
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with applied fluence, typically from 1 J/cm2 to close to 10 J/cm2, before becoming linear with 
fluence [93].  The thickness of a thin film is an important factor in determining the threshold 
fluence (fig 4.3) [101].   
 
Figure 4.3 Threshold fluence as function to the film thickness of gold (used with permission from 
ref  [106]. 
  
As described in the previous section, the ablation process using short (typically > 1 ns) 
pulse lasers (SPLs) of pulse lengths of the order of at least nanoseconds is based on the classical 
interaction between light and materials; the irradiated material absorbs sufficient optical 
energy to become heated and transform a volume from the solid to the gas state. The ablation 
process can be achieved by focusing laser beam on precise area of material surface under a 
vacuum condition or even at atmosphere. Ablation generally does not occur until the material 
is taken beyond its melting point [48], [88], [95], when rapid evaporation (ablation) can 
commence [88], [107]. Gas phase absorption and continued thermalization of electronic 
excitation can then lead to the formation of a plasma phase, which changes the dynamic 
reflectivity and absorption of the material system [95], [107]. Fig 4.4 shows the typical stages 
of ablation process of short pulse.  
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Figure 4.4 Simple flowchart of the main stages of photothermal ablation with a short laser pulse. 
 
 
The mass of ablated material can be calculated as [107] 
 
 𝑚 = ^.f𝑝𝑢𝑙𝑠𝑒.(o\)q∆0q∆0                   (4.7) 
 
 
where N is number of laser pulses, Epulse the pulse energy, Tv the evaporation 
temperature, T0 the ambient temperature, ΔHm the enthalpy of melting and ΔHv the enthalpy 
of evaporation. 
 
         In general, laser pulses of ns-µs pulse widths offer high ablation rates but often result in 
thermal damage to samples [13], [107].  Fig 4.5 shows images of example for the thermal 
damage around the hole and ablation area.   
 
 
Figure 4.5 SEM images of: a) ablation and b) drill a) 100 µm steel foil using a nanosecond pulse 
laser with different fluences (used with permission from ref. [92]). 
Apply the laser
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         The ablation mechanism using ultra-short (< 100 ps) pulse lasers (USPLs) is different, 
being photochemical in nature, and the classical concept of light-material Interaction fails 
[61],[63]. Atoms in the material experience multi-photon absorption due to the extremely high 
intensity of ultra-short laser pulses [34],[58],[60],[62]. This results in bonds being broken 
directly without causing heating [88], although a degree of thermalization occurs on a longer 
timescale. However, we can understand the material transformation from solid to gas state in 
step-by-step processes. As in the photothermal mechanism, the material melts in the first step 
and can boil if the vapour pressure of the molten state exceeds the ambient pressure. 
Therefore this process will produce a homogeneous mixture of vapour and drops of molten 
material up to an explosive boiling event, a so called "phase explosion” [95], [107]. The 
explosively ejected material includes solid and liquid material fragments [88], [107]. The phase 
of plasma can be reached by optical ionisation of ablated metal. Also, sublimation can occur 
by heating above the critical temperature[95]. Fig 4.6 shows the typical stages of ablation 
process of ultrashort pulse.  
 
 
 
 
Figure 4.6 A simple flowchart of the main stages of photochemical laser ablation with an ultra-
short laser pulse (typically < 100 ps). 
 
          
      The mass of ablated material m can be calculated from the equation which derived from 
Chichkov’s formula [92], [107]; 
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𝑚 = 𝑁. 𝜌. 𝐴. 𝛼oD. 𝑙𝑛  p                   (4.8) 
 
 
where: N is the number of laser pulses, ρ the density, A the focal spot area, α the 
absorption coefficient, Fa the laser fluence and Fth threshold fluence for ablation. 
 
The ablation thresholds with ultra-short laser pulses are typically lower than for 
nanosecond width pulses but with higher instantaneous intensities [109]. The reduced 
thermalization with ultra-fast ablation processes means that there is a corresponding 
reduction in heat-affected zones (HAZs) [109] and better control over the ablation region (Fig 
4.7).   
 
 
Figure 4.7 SEM images of: a) ablation and b) drilling of 500 µm steel plate using femtosecond pulse 
length laser pulses with different numbers of pulses (used with permission from ref.  [92]). 
 
     
4.5 LDW types  
        LDW can be categorised to three main classes depending on whether material is removed 
(LDW-), modified (LDWm) or added (LDW+) [13], [14]. In this work, the main processes of 
relevance are LDW- and LDW+ but all three processes are discussed below.  
 
a b
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4.5.1 Laser Direct Writing Subtraction LDW-  
      LDW- is the most common type of LDW and uses either photochemical or photothermal 
ablation to remove precise areas/amounts of material in cutting [110], [111], drilling [112], 
[113], scribing and etching [14], [86], [114] applications. LDW- is employed in a wide range of 
industrial applications, including high-throughput steel fabrication, fabrication of high 
resolution structures and creation of implantable biomaterials [85]. LDW- can be used to 
remove all types of material, including organic or inorganic materials, metals or plastic, thin 
films or bulk. This thesis concerns fabrication of one-dimensional (1D) and two-dimensional 
(2D) micro/nano-scale magnetic structures from metallic thin films and uses LDW- as the 
primary fabrication route. The parameters that affect this type of LDW are those discussed 
above for laser ablation (e.g. the laser repetition rate, wavelength, pulse width, pulse energy 
and spot diameter) as well as the optical and mechanical properties of the thin film and carrier 
substrate (e.g. glass, quartz or silicon).  
 
4.5.2 Laser Direct Writing Modification (LDWm) 
          Materials properties can be changed permanently in LDWm techniques by application of 
sufficient fluence to modify morphology or to achieve chemical changes but without removing 
material.  Consequently, the incident fluence used is less than the threshold for ablation. The 
most common example of LDWm is to expose a photoresist in traditional lithographic 
techniques [14], [115], [116] as well as to carry out surface modifications such as 
microstructural, mechanical and morphological changes of metals [117] and polymers [118], 
and in biological applications [119].   
 
4.5.3 Laser Direct Writing addition (LDW+)  
 
          LDW+ describes processes used to form structures by transferring material from a donor 
sample to a receiver or acceptor substrate [120]. Achieving this requires careful control of 
pulsed laser properties, the conditions of the transfer process and the mechanical and optical 
properties of the various materials.  
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Figure 4.8 Laser induced forward transfer (LIFT) process. 
 
 
             The Laser Induced Forward Transfer (LIFT) configuration of LDW+ (Fig. 4.8) promotes 
transfer of ablated material from a donor film to a nearby acceptor/receiver substrate in the 
direction of the incident laser pulse. Prior to patterning, a donor layer of the required final 
material is deposited on one side of a transparent substrate (the carrier), which is typically 
glass or quartz depending on the wavelength of using laser. The donor layer is then positioned 
in contact or in close proximity to a receiver or acceptor substrate either under a vacuum or in 
an appropriate atmosphere [13], [121], [122]. The laser beam is focused through the 
transparent carrier onto the donor layer, where the laser pulse energy is absorbed. The 
exposed donor material then ablates towards the acceptor substrate, either by evaporation 
(photothermal ablation) or phase explosion (photochemical ablation) depending on the pulse 
duration of the laser (see §4.4), and condenses on the acceptor surface. Computer controlled 
motion of laser beam/sample by a scanning stage or galvanometric scanning mirrors between 
laser pulses then allows structures to be defined on the acceptor surface.  
 
The first appearance of LIFT was in in 1970 when Levene, M. L. Scott, R. D. Siryj, B. W. 
transfer black ink  from typewriter to a recording medium [123]. But in 1986, J. Bohandy, B. F. 
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Kim, and F. J. Adrian [121] reemployed LIFT to transfer a metal. They transferred accurate 
amounts of 410 nm thin film of copper from a transparent substrate (donor) to a silicon 
substrate (acceptor) [121], the narrower wire was achieved in this attempt 40 µm. This was 
used to repair defects in photomasks and has since become a strong competitor to traditional 
techniques for applications such as electronic and sensor materials [124] and high viscosity 
nano-pastes [125]. 
 
 
 
Figure 4.9 Laser induced backward transfer (LIBT) process. 
 
 
Alternatively, Laser Induced Backward Transfer (LIBT) (Fig. 4.9) reverses the direction 
of material transfer seen in LIFT. In this arrangement, the laser pulse passes through a 
transparent acceptor substrate and is incident on a donor thin film layer or bulk material in 
contact or close proximity. Ablated donor material is then directed opposite to the laser 
direction and is deposited on the acceptor substrate. LIBT was first demonstrated in 2005 
by Mir-Hosseini, N. Schmidt, M. J J and Li, L.[126] to pattern conducting SnO2 films onto a glass 
substrate. 
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          Laser Induced Transfer (LIT) processes (both LIFT and LIBT) have been used to transfer a 
wide range of materials, including metals such as Cu [121], Ag [120], Au [101], [127], [128], Zn 
[127], Cr [127], [129], Al, Ti, W, Pt and Ni [13], [130], oxides [13], [130], [131], polymers [13], 
superconductors and semiconductors [13], [130], and diamond and carbon nanotube field 
emission cathodes [13]. LIT has also been used to deposit biomaterials such as DNA [98], cells, 
tissue and proteins [13], [99], [130]. In 1993,  Lee, I., Tolbert, W., Dlott, D., Doxtader, M., Foley, 
D., Arnold, D., and Ellis, E. [132] transferred PMMA/coloured dyes using the LIFT arrangement 
with a sacrificial laser layer between the carrier (glass substrate) and donor material to absorb 
the laser energy and avoid damaging the sensitive biomaterials during the transfer process. 
The sacrificial layer is called a "Dynamic Release Layer" (DRL) and can be a polymer, metal or 
ceramic [13], [122], [132]. 
 
The influence of many experimental parameters was discussed above in §4.3 and §4.4 
but there are further consequences of these with LIT processes. The laser intensity and fluence 
must of course be greater than the ablation thresholds to achieve transfer. However, these 
must be carefully controlled since intensities very close to the threshold result in separated 
islands or non-adherent particles being deposited while intensities that are significantly above 
the threshold result in a loss of resolution and increase in unwanted debris being deposited 
[121], [130].  
 
The laser pulse width dictates whether the ablated process is photothermal processes 
seem (SPLs) or photochemical (USPLs) (see §4.4) [13], [128], with the former generating 
molten or gas-phase ablated material and the latter producing a mixture of liquid and solid 
material (Fig. 4.10). Thus, transferring material using photochemical ablation (with USPLs) 
offers the benefits of transfer of solid material and reducing the size of Heat-Effected Zones 
(HAZs) in the donor material.  
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Figure 4.10 The transferred material: a) molten using SPLs and b) mixture of solid and liquid 
material fragments using USPLs (used with permission from ref.  [13]). 
 
 
       The importance in selecting an appropriate laser wavelength, l, is not just to ensure that 
the material has a sufficiently strong optical absorption coefficient to achieve ablation at 
reasonable laser intensities. Laser wavelength also dictates the smallest focussed laser spot 
diameter that can be achieved, with the resolution (R) of an LDW system given by [65], [133]. 
 𝑅 = ).D𝑁𝐴                           (4.9) 
 
where NA is the numerical aperture of objective lens. Using a laser with a shorter wavelength 
will, therefore, allow smaller sized features to be created.  
 
 The distance between the donor to acceptor strongly affects the shape of transferred 
elements. Donor-acceptor separations are usually is between zero to 100 μm but larger gaps 
result in deformed final structures, especially if the transfer process is carried out in a gaseous 
atmosphere, which leads to a short of mean free path [134], [135]. The velocity of ablated 
species can be tens to thousands of metres per second but high velocities can result in damage 
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to the acceptor substrate [98]. The velocity depends on laser parameters such as fluence and 
pulse width as well as donor material parameters such as film thickness and elastic properties 
[94], [98]. The thermal conductivity of the acceptor material can have a marked effect on 
solidification of transferred (molten) material [101]. A low acceptor thermal conductivity will 
slow down the solidification dynamics of ablated material and may result in splashing and an 
increase in post-ablation debris. This can be mitigated by increasing the thermal conductivity 
of the acceptor substrate.  
 
 A significant challenge to LIT processes can be the effects of a shockwave generated in 
the donor material [94], [98], [129]. The shockwave can be generated from explosive loading 
during ablation (see §4.4), plate impact or application of the laser on one side of the donor 
substrate [94]. If the shockwave reaches the acceptor it can often result in removal of 
transferred material. In order to avoid this, LIT processes can be carried out under vacuum 
with a gap between the acceptor and donor of few micrometres, although the low pressure 
results in an increase in the velocity of material transferred. 
 
4.6 Summary  
 
 This chapter has introduced the key aspects of laser direct writing. A short review of the 
history of LDW was followed by a discussion of the common elements of any LDW system.  
Understanding the interaction between the laser beam and target material is very important 
access to understand the ablation process and the key processes were discussed here. This 
included considering the ablation processes using either short and ultra-short pulse length 
lasers and their mechanisms. The three types of LDW a were reviewed and the significant 
factors that effect on the materials transferring process of LDW+ and LIFT were also covered. 
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Chapter 5: Experimental methods  
5.1 Introduction 
         This chapter describes the equipment and experimental setups that were used to 
fabricate and characterize the magnetic structures of interest. The first part deals with sample 
preparation, including thin film deposition using thermal evaporator.  The specific laser direct 
write (LDW) systems will be illustrated in the third part. The fourth section covers 
characterization methods, including focussed Magneto-Optic Kerr Effect (fMOKE) 
magnetometry, optical microscopy, atomic force microscopy (AFM) and scanning electron 
microscopy (SEM). 
 
5.2 Thin Film Deposition 
         Thin films of permalloy (Ni80Fe20) were deposited on substrates before the later laser 
processing using a custom-built Wordentec thermal evaporator (Fig. 5.1).  
 
First, substrates of BK7 glass, silicon ((001) orientation n-type doped with native oxide) 
or quartz were cut to approximately 5 mm x 5 mm and cleaned with acetone (SLS, 95%) and 
then IPA (SLS, 95%), both in an ultrasonic bath, before finally being dried with N2 gas. These 
samples were mounted on the thermal evaporator sample holder using a small droplet of 
polymethylmethacrylate (PMMA) solution. Once the PMMA was dry, the holder was loaded 
into the evaporator’s sample carousel, which has space for six samples to be coated in separate 
deposition runs (Fig. 5.1). 
 
Crucibles in the evaporator that hold powders were made of alumina-coated tungsten 
wires (MegaTech Ltd). The Wordentec thermal evaporator has three positions for crucibles, 
allowing different source materials to be deposited in one process. Permalloy powder 
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(Goodfellow, max. particle size: 45micron) was loaded into one of these.   
 
The evaporator was evacuated using a turbomolecular vacuum pump (Leybold 
Vacuum, TURBOVAC 361, pumping speed 340-370 l.s-1) backed by a rotary pump (Pfeiffer 
Vacuum, UN0 016 B). A bake out was performed during each deposition run by passing 
electrical current through the permalloy-containing crucible until the permalloy powder 
melted and started to evaporate. This was used to heat the chamber for 16 to 20 minutes 
before the current was removed and the pumping continued, achieving a high vacuum (< 10-7 
mbar). 
 
For deposition, the relevant crucible was again heated with electrical current until 
evaporation commenced. The sample carousel was used to position the substrate of choice 
behind an opening in a mask, in line with the evaporated material, and a shutter opened to 
commence the deposition. The thickness of the deposited material was monitored using a 
quartz crystal microbalance, with the quartz crystal held adjacent to the substrates in order to 
ensure exposure to vapour at the same time and distance from the source. Deposition rates of 
between 0.3 Å.s-1 and 0.5 Å.s-1 were used throughout this work, which raised the chamber 
pressure during deposition to approximately  10-5 mbar.  
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Figure 5.1: General schematic of Wordentec thermal evaporator. 
 
5.3 Laser Direct Write (LDW) Systems 
         Three laser systems were used to produce patterned elements and are described here. 
 
 
5.3.1 350 picosecond Q-switched laser system 
            A 350 picosecond pulse-length Q-switched laser system used for direct writing consisted 
of a diode-pumped solid-state semiconductor laser (Alphalas; PULSELAS-P-355-300), laser 
beam delivery optics, and a three-axis (x,y,z) scanning stage (Fig 5.2). 
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Figure 5.2: Schematic of the 350 picosecond Q-switch LDW system with main three parts: laser 
source, laser beam delivery system and sample/platform scanning system. 
           
          The pulsed laser source is passively Q-switched and had three wavelengths available (355 
nm, 532 nm, 1064 nm) but this work used only the 355 nm and 532 nm wavelengths. The 
repetition rate of the laser was 14.2 kHz, the pulse width 350 ps and the beam profile TEM00. 
The peak power and pulse energy of each wavelength are contained in table 5.1. The pulse 
energy and the repetition rate were controlled through controlled laser diode driver. 
 
Table 5.1: Parameters of 350 picosecond Q-switch LDW laser. 
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         The laser beam delivery optics and sample scanning system consisted of: 
 
a- A Pellin Broca prism (Fig. 5.3) used to separate the required wavelength from the 
laser beam harmonics. 
 
 
 
 
Figure 5.3: The Pellin Broca prism and the rotation mount[136]. 
 
 
b- A shutter (UNIBLITZ Laser shutter LS6ZM2-nl with UNIBLITZ® VCM-D1 shutter driver) 
used to control the exposure time of the laser beam at appropriate sample positions 
in order to fabricate the required patterns (Fig. 5.4).      
   
 
 
Figure 5.4: The UNIBLITZ Laser shutter and its driver. 
 
c- One of two objective lenses were used with the system, having numerical apertures 
of 0.50 (Zeiss, Objective EC Plan-Neofluar 20x/0.50 M27) with a working distance of 
2.0 mm or 0.30 (Zeiss, Objective EC Plan-Neofluar 10x/0.30 M27) with a working 
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distance of 5.2 mm. The lenses focused the laser beam directly onto the magnetic 
thin film or through a glass substrate to concentrate laser intensity within spot 
diameter of <5 µm as discussed in §4.5.3. 
d- A scanning stage to move the sample under the laser beam and bring it to the laser 
focus. A three-axis (x, y, z) system of motorized linear stages (Aerotech ANT130-XY 
for lateral (x, y) directions and PRO115 for the optical axis (z) direction) allowed the 
sample to be scanned under computer control to 5 nm precision and at speeds of up 
to 2 m. s-1. Computer control using the "A3200 Software-Based machine controller" 
allowed a minimum achievable increment of movement 0.10 µm and a maximum 
(hardware limited) stage velocity of 300 mm. s-1.  
 
The motion along the optical z axis is used to focus the laser beam, while, the 
in-plane (x, y) stage was used for scanning the sample to pattern the desired 
structures.  
 
There was significant sample vibration and deformation in the resulting pattern 
during the motion of stage especially with high scanning speed (20 mm/s and higher), 
fig 5.5 shows an image of deform sample because the vibration during the scanning 
stage motion. 
 
 
Figure 5.5: Optical microscopy images of donor substrates for a double wire and 25 
separated dots. The zigzag structures resulted from vibrations during sample motion.  
500 µm 
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 In order to reduce the vibration, a substrate holder (Fig. 5.6) was designed and 
constructed to hold the substrates (5x5 mm) in place and ensure the correct 
separation distance along the optical z axis from the lens was maintained in order to 
preserve a good laser focus. Also, thin layer of rubber was added between the holder 
and scanning stage to absorb vibration during working. A substrate (or ‘donor’ in LIFT 
– see §4.5.3) was placed on two supporting edges and, for LIFT experiments, the 
‘acceptor’ placed inside a polymer sample holder of this platform.  
 
 
Figure 5.6: a) The design of the substrate holder. Two edges support the substrates or 
LIFT donor and keep it at the correct distance from the focusing lens. The sliding piece 
helps to minimize vibration by hold the donor/acceptor and b) Actual photo of sample 
holder. 
 
 
e- A vacuum cell was designed and constructed to allow LIFT experiments under vacuum, 
even with the very short working distances of the lenses used (see above). The main 
parts of the vacuum cell were a metal spring, a vacuum chamber, a glass window, rubber 
tube and a valve (Fig. 5.7). The LIFT donor substrate (glass or quartz) was placed on the 
glass window inside the vacuum chamber and the LIFT acceptor mounted behind this on 
the metal spring. The rubber tube linked the vacuum chamber to the valve. The metal 
spring pushed the acceptor substrate against the donor substrate and any rubber O-ring 
used, while allowing the acceptor substrate to be withdrawn and replaced during 
evacuation.   
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Figure 5.7: The design and main parts of the vacuum cell. 
 
 
        
            The glass platform and the vacuum cell were used for all three laser systems. 
 
5.3.2 800 Picosecond Q-switched laser system 
             The second laser direct writing system consists of an 800 picosecond pulse-length 
diode-pumped solid-state semiconductor laser (Alphalas; PULSELAS-P-1064-700-HP), laser 
beam delivery optics and a three-axis (x, y, z) sample scanning stage (Fig. 5.8). 
 
Metal spring 
Acceptor
Magnetic film
Glass or quartz 
substrate (Carrier) 
Vacuum chamber
Glass or quartz 
window
The laser 
Position of 
substrate
Chapter 5. Experimental methods 
 
72 
 
 
 
Figure 5.8: Schematic of the 800 picosecond Q-switch LDW system with main three parts: 
laser source, laser beam delivery system and sample/platform scanning system. 
 
The laser has two wavelengths of 532 nm and 1064 nm but only the frequency-doubled 
wavelength of 532 nm was used. Indeed, experimental measurements showed good 
agreement with the manufacturing specification.  
 
The pulse energy and the repetition rate were set by controlling the laser diode driver 
as well as (for pulse energy) using absorptive or reflective optics. The measured average power 
and repetition rate were controlled by the laser diode driver. 
 
The measured repetition rate, pulse width, pulse energy, peak power and beam profile 
are shown in table 5.2. 
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Table 5.2: Specified and measured parameters of 800 picosecond Q-switch LDW laser. 
 
 
              The optics and sample scanning system used to deliver the laser beam consisted of: 
 
a- Band pass filter used to select the frequency doubled 532 nm wavelength only 
(linewidth = 532 ± 2 nm). This dropped the average power from 225 mW to 5 mW due 
to removing all unwanted harmonics.  
b- A continuously variable metallic neutral density filter was used to attenuate and control 
the pulse energy (Thorlabs, NDC-50C-4M-A).  
c- A shutter, as described for the previous laser system above (§5.3.1). 
d- Elliptical mirror (Thorlabs, PFE10-P01) to direct the laser beam to the objective lens and 
sample.  
e- Objective lens with NA = 0.75 (Nikon CFI Plan Apo Lambda 20X/0.75 with working 
distance 1 mm) to achieve a smallest spot diameter of 1.85 µm. 
f- The scanning stage used is same type and model that was described in the previous 
system (§5.3.1). 
 
 5.3.3 System of femtosecond Ti: sapphire laser 
The third system used for laser direct writing was a femtosecond pulse length Ti: 
sapphire oscillator (Spectra-Physics Mai Tai). The system had a maximum pulse energy of 31 
nJ, a repetition rate of 80MHz, pulse length < 100 fs and allowed tuning of the emitted 
wavelength between 690 nm and 1040 nm. The laser beam delivery system and 
sample/platform scanning system is shown in Fig. 5.9 and consisted of: 
 
Parameter Specified measured 
Repetition rate  40 kHz 40 kHz 
Pulse width 800 ps 632 ps 
Pulse energy 5.1 nJ 8.2 nJ 
Peak power 6.4 kW 13 kW 
Beam profile TEM00 TEM00 
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a- Variable attenuator to control the average power (Newport, VA-BB).  
b- Laser shutter (as used in the systems described in §5.3.1 and §5.3.2 above). 
c- Four mirrors to guide the laser beam towards the objective lens. 
d- Objective lens with NA = 0.75 (Zeiss, Objective EC Plan-Neofluar 40x/0.75 M27) with 
working distance 0.71 mm. 
e- Scanning stage (as used in previously described systems §5.3.1 and §5.3.2).  
 
This system was used in LIFT experiments to transfer material from a donor to an acceptor 
substrate.   
 
 
Figure 5.9: Schematic of the femtosecond Ti: sapphire laser LDW system with laser source, laser 
beam delivery system and sample/platform scanning system. 
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5.3.4 Overlap of laser pulses on samples 
             The pulses from laser systems with 350 picosecond (§5.2.1) and 800 picosecond 
(§5.3.2) pulse lengths were made to overlap on samples by controlling the pulse repetition 
rate and the sample scanning speed.  
  
 The laser repetition rate, f, was varied using the laser diode driver by controlling 
the electric current supplied to the laser’s pump diodes. The maximum repetition rate and 
pulse energy was produced with the maximum laser diode current and reduced with 
decreasing laser diode current.  
 
The second parameter to control the train of pulses was the sample scan speed v. 
The number of pulses per unit length, N, can then be calculated by: 
 𝑁 = 																						(5.1) 
 
The total length of exposed area per unit length (L) is given by: 
 𝐿 = 𝑁 ∗ 𝑑		              (5.2) 
 
The total (T	) separation (positive values) or overlap (negative values) of pulses per 
unit length is then: 
 𝑇 = −𝐿 + 1             (5.3) 
  
With a laser ablation spot diameter, d, the distance/overlap D between ablation 
spot edges can be calculated by dividing Eq. (5.3) by Eq. (5.1): 
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𝐷 = ^						                (5.4) 
  
Finally, by substituting Eqs (5.1), (5.2) and (5.3) into (5.4) obtains: 
  𝐷 = o(^∗U)qD^ = D^ − 𝑑          (5.5) 
 
 
D can take one of the following values: 
  𝐷 =  > 0								𝑝𝑢𝑙𝑠𝑒𝑠	𝑠𝑒𝑝𝑎𝑟𝑎𝑡𝑒𝑑																																…… 	0								𝑝𝑢𝑙𝑠𝑒𝑠	𝑐𝑜𝑛𝑡𝑖𝑔𝑢𝑜𝑢𝑠	(𝑗𝑢𝑠𝑡	𝑡𝑜𝑢𝑐ℎ𝑖𝑛𝑔)		< 0								𝑝𝑢𝑙𝑠𝑒𝑠	𝑜𝑣𝑒𝑟𝑙𝑎𝑝																																				  
 
The first case (D > 0) describes separated ablation spot regions. The second case 
(D = 0) describes ablation spots that just touch without separation or overlap. The final 
case (D < 0) denotes overlapping pulses. These three possibilities are illustrated in Fig. 5.10.  
 
 
 
Figure 5.10: The three possibilities of distances between ablated pulse edges: a) separated, b) 
contiguous and c) overlapping. 
 
Combining Eqs 5.1 and 5.5 allows the required scan speed to achieve a particular 
ablation spot separation or overlap: 
c
b
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 𝑣 = 𝑓(𝑑 + 𝐷)            (5.6) 
 
      For example, to achieve a separation of D = 5 µm between the spot edges with diameter 
of d = 4 µm and the repetition rate f = 20kHz, the required scan speed is v = 180 mm.s-1, 
while to get overlap of 50% (distance between centres of 0.5d; Fig. 5.11), the required scan 
speed becomes 40 mm.s-1 and for contiguous pulses the speed is 80 mm. s-1. 
 
 
Figure 5.11: Diagram of example for controlling the overlap between the laser pulses, here 
shown as 50% overlap by way of example. 
 
 
 
 
 5.4 Fabrication of magnetic structures     
          Nano/micro-scale magnetic structures were fabricated using the three laser systems 
described in §5.3 for subtractive and additive laser direct writing (LDW- and LDW+, 
respectively). The approaches for achieving LDW- and LDW+ are described below. 
 
0.5d
d
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 5.4.1 LDW- of magnetic structures 
             LDW- was employed to fabricate 1D and 2D nano/micro-scale magnetic structures 
using the system of 800 picosecond Q-switch laser (§5.3.2). Substrates supporting a Ni80Fe20 
(permalloy) 90 nm thin film were cut using a diamond scribe to approximately 5 mm x 5 mm 
to fit into the fabrication system sample holder (§5.3.1-d) and to allow it to be held in the 
focussed magneto-optical Kerr effect (fMOKE) magnetometer (see §5.5.1 below).  The 
magnetic structures were designed using a computer script to control the sample scanning 
stage during laser exposure. In LDW- structures were patterned by removing unwanted areas 
of thin film material from the substrates by laser ablation. The remaining non-ablated material 
then formed the (magnetic) structures, e.g. as shown in Fig. 5.12. The magnetic structures 
were patterned with 30% overlap between laser pulses. Overlapping laser pulses meant that 
isolated magnetic structures could be defined; for example, a magnetic wire could be formed 
between separated ablation lines, as shown in fig 5.12. This resulted in an undulating edge 
profile definition in the patterned structures that depended on the pulse overlap ratio.  
 
Figure 5.12: Diagram of the formation of wires by removal of unwanted areas of a film with an 
overlap of 30%. Here, a wire is formed between the two (blue) ablation lines.    
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The experimental conditions used to achieve LDW- were: 
a.  Pulse repetition rate approximately 6 kHz. The 800 picosecond laser was set at this 
frequency by selecting a laser diode driver current of 1.33 A.   
b.  Pulse energy (at a laser diode driver current of 1.33 A) was attenuated to 10 nJ using 
absorptive neutral density filters.   
c. The 0.75 NA objective lens allowed and conditions a and b above achieved a laser 
ablation spot diameter was 1.85 µm and less with thin film thickness of 90nm (fig 5.13). 
 
 
Figure 5.13: Scanning electron micrographs of separated ablation spot achieve with a fluence 
of XX mJ.cm-2. The inset shows a single ablation spot with diameter of 1.83. 
 
d. Sample scan speed of 7.5 mm. s-1. This scanning speed have been used for all 
experiments of LDW- except the fabrication of structures for magnetoresistance (MR) 
measurements. 
1.83 µm
2.0 µm
Chapter 5. Experimental methods 
 
80 
 
The magnetic structures were patterned in a single step under atmospheric conditions and 
room temperature, i.e. there were no special requirements for carrying out the fabrication 
process. The laser beam was applied through transparent (glass) substrates onto the rear of 
magnetic thin films, as shown in fig 5.14. 
 
 
Figure 5.14: Sample arrangement to achieve subtractive laser direct writing (LDW-). The 
focused laser beam passes through a glass substrate onto the rear of a magnetic thin film, 
where patterning takes place. Ablated lines (blue) and non-ablated regions (black) are shown 
to illustrate the patterning process. 
 
 
One-dimensional (1-D) structures were fabricated by creating arrays of 4 mm long 
magnetic (permalloy) wires of different widths. These wires connect at their ends to the wider 
film as shown in fig 5.14. The laser shutter was used to align the laser exposure to the sample 
movement, for example to allow the laser beam to pass during the motion of stage along the 
ablation line axis (the x-axis) but block it during motion of the transverse stage (the y-axis) 
between x-axis sweeps.  
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Wire width was controlled by varying the spacing between ablation lines along the y-
axis between 2 μm and 8.6 μm. 76 ablation lines were written for each structure to create an 
array of 75 magnetic wires. This large number of magnetic wires gave an array width of at least 
150 µm and was selected to reduce sensitivity to the wider thin film during fMOKE 
measurements of the arrays.  
Appendix A contains the A3200 software code for design and fabrication of the 
magnetic wire arrays. 
Arrays of two-dimensional (2-D) magnetic structures included patterns of squares, 
rectangles with a range of aspect ratios, and rhombic structures. These were all fabricated 
under the same ablation conditions as described above.  
The arrays of square magnetic elements with size of 1.9 µm x 1.9 µm (aspect ratio, 
AR = 1.0) were patterned using successive laser ablation scans in orthogonal directions. The 
patterning process started by creating 76 ablation lines along the x-axis, as described above 
for the magnetic wire arrays. The sample was then moved along the y-axis to obtain another 
76 ablation lines in this direction, overlapping with the original x-axis lines (Fig. 5.15). This 
required the starting point of ablation along the y-axis to be from exactly the same point as the 
start of the x-axis ablation lines to fill the array with the desired structures. The centre-to-
centre spacing of the ablation lines along both the x- and y-axes was 3.75 µm (including the 
spot diameter of 1.85 µm) to leave separated square elements between the ablation lines.  
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Figure 5.15: Illustration of fabrication of array of square elements patterned by laser ablation 
lines along the x and y-axes. The red point shows the starting point for both scan directions. The 
black regions are ablated areas and the light regions are the non-ablated square elements 
(magnetic structures). 
 
 Arrays of rectangular elements with range of aspect ratios, AR = 1.5, 2.1, 2.6, 3.1 and 
4.2 were patterned by same method used for square structures described above but with a 
larger spacing between ablation lines along the y-axis, increasing by 1 µm for each increase in 
AR.  
Appendix B contains A3200 software code to design and fabricate the arrays of square 
and rectangular elements. 
Rhombic structures with aspect ratio of major-to-minor axes of 3.6 were patterned 
using laser ablation along two non-orthogonal directions (Fig 5.16).  
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Figure 5.16: The aspect ratio of rhombic magnetic structure. 
 
Neither scan direction was along the x- or y-axis exclusively, but required control of 
stage controllers along both directions simultaneously. The distance moved along the x- and 
y-directions defines the aspect ratio of the defined rhombuses and allows the internal angle, f 
(defined in Fig. 5.16), to be defined given by:		𝑡𝑎𝑛 ∅ = 6_                                      (5.7) 
For example, to achieve rhombic elements with aspect ratio of 3.0 required sample 
movement during ablation of 1 unit along the y-axis and 3 units along the x-axis, giving an 
internal angle f = 71.5°.  
The patterning process started by creating 76 parallel angled ablation lines, similar to 
those created above for fabricating magnetic wires. The second step involved creating 76 
ablation lines with the sign of the y-axis movement reversed while maintaining identical x-axis 
motion. The size of the rhombic elements was controlled with the separation between the 
ablation lines. This process is summarised in Fig 5.17.  
X
Y 
Ablation line alongX & Yø
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Figure 5.17: The schematic of the patterning process of the rhombic structures, the black regions 
are ablation areas and light areas are the rhombic element (magnetic structure). 
 
Appendix C contains A3200 software code to design and fabricate the arrays of rhombic 
elements. 
             Finally, magnetic structures for anisotropic magnetoresistance (AMR) measurements 
were patterned from 25 nm thick permalloy thin films. The permalloy substrates were cut to 
7.0 mm x 5.0 mm to fit the cell of the AMR measurement apparatus (see §5.5.2 below) to 
reduce the fabrication time. The fabrication process was carried out with the maximum laser 
pulse repetition rate (40 kHz), a pulse energy of 1.3 µJ and scanning speed of 6.0 mm. s-1. This 
process was similar to process of fabricating one-dimensional (1-D) structures but by removal 
of all unwanted magnetic material between ablation lines except wire areas and contact 
regions at each wire end. This was achieved by removing 0.5 mm wide (along the x axis) 
segments of film with ablation lines separated along the y axis by 1.5μm (smaller than the focal 
spot diameter) to ensure removal of all unwanted material in this region, as shown in fig 5.18. 
Abla
tion 
line 
Starting point of 
ablation along x
and y axis 
Ablationline 
x axis
yaxis
Chapter 5. Experimental methods 
 
85 
 
  
Figure 5.18: The schematic of the patterning process of the magnetic sensors: a) with single wire 
and b) with multi wires. The long of all wires is 0.5 mm but with different widths (aspect ratio). 
          
          The length of wires was selected to be 0.5 mm to allow shape anisotropy effects to be 
investigated while being sufficiently small to allow electrical contacts for AMR measurements 
to be applied (The AMR measurement system includes a linear array of four needle probes 
each separated by 1 mm). Variation of wire width was achieved by separating the ablated 
segments from each other by different amounts, and allowed wire aspect ratio to be explored, 
as will be discussed in chapter 7.  
 5.4.2 LIFT for magnetic structures 
             Laser-induced forward transfer (LIFT) was used to fabricate micro/nano-scale magnetic 
structures using the 350 picosecond Q-switched (§5.3.1), 800 picosecond Q-switched laser 
system 9§5.3.2) and femtosecond Ti: sapphire (§5.3.3) laser systems. The structures included 
arrays of dots and wires. The structures were designed and patterned using a similar process 
to that for LDW- described above (§5.4.1). 
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          The structures were transferred directly from a donor substrate to an acceptor substrate 
in a single step under atmospheric or vacuum conditions and room temperature. The following 
experimental parameters could be varied:  
 
1- Distance between the donor (D) and acceptor (A) substrates. 
Preliminary attempts using the 350 picoosecond pulse length laser system to transfer 
a permalloy thin film were made by varying the distance between D & A from 0 – 100 
µm to determine the optimum substrate separation. For distances more than 40 µm, 
the separation was achieved by inserting tape between the substrates. Separations less 
than 40 µm were made by adding a layer of spin-on photoresist discussed in §3.2.1.1 
or by drawing a frame around the acceptor using a permanent ink pen for distances 
less than 10 µm. The separation of 40 µm and above has been measured using Vernier 
and less 40 µm by AFM. 
2- Thin film thickness 
Different thicknesses of permalloy thin films of 20 nm, 40 nm 50 nm, 70 nm or 90 nm 
were transferred with all laser systems.  
3- Pulse energy 
Each thickness of thin film was transferred by varying the pulse energy to determine 
the transfer threshold. The ranges of pulse energy used to transfer permalloy films are 
contained in table 5.3. 
 
Table 5.3 The ranges of pulse energy used to transfer permalloy films for each laser system. 
 
 
4- Material of acceptor 
The magnetic material was transferred onto glass and silicon acceptor substrates. Wire 
arrays were fabricated with wires either separate or continuous. The separate wires 
Laser  P. E min (µJ) P. E max (µJ) 
350 picosecond 5.6 13 
800 picosecond 0.060 3.5 
Femtosecond 0.0065 0.0055 
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were transferred using similar program code to that used for LDW- (§5.4.1; Appendix 
A) but for ten wires only. A continuous structure was transferred by keeping the laser 
shutter open throughout the whole fabrication process, including motion in the y-
direction between long wire definition, resulting in a serpentine-like structure (Fig. 
5.19). For these structures, the movement along the y-axis determined the distance 
between defined wires only and did not specify the width of the wires used with LDW-
structures. Unlike with LDW- (§5.4.1), the width of LIFT wires was controlled directly by 
the laser spot diameter.  
 
         LIFT experiments used parameters of scanning speed = 1.5 mm. s-1, laser pulse repetition 
rate = 14.2 kHz, and laser spot diameter ~ 5 µm, resulting in about 9.5 pulses/µm and a 98 % 
pulse overlap on samples.  
 
 
 
Figure 5.19: Schematic of the continuous wire structures fabricated by the LIFT process. The 
black line indicates transferred material. 
 
Arrays of dots were fabricated by LIFT by applying a specific number of pulses on single 
points of a thin film. The number of pulses at each point was controlled using a ‘Dwell’ software 
command to maintain the sample position for a period of time, t. The number of pulses at each 
point, n, can be calculated as: 
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𝑛 = 𝑓𝑡																				         (5.8) 
 
The shortest dwell time possible with the laser shutter and control software was 1 ms, 
which for f = 5 kHz gives 50 pulses at each point.  
 
Movement along x- and y-axes was used to control the distances between the dot 
centres.  Fig 5.20 shows the process of patterning arrays of dot structures.  
       Appendix D contains A3200 software code to design and fabricate the arrays of dots using 
"Dwell” command. 
 
Figure 5.20 Schematic of dot array patterning. 
 
 
5.5 Measurements and characterisation  
         The fabricated nano/micro-scale structures were subjected to magnetic characterisation 
by: focused magneto-optic Kerr effect (fMOKE) magnetometry and anisotropic magneto-
resistance (AMR) measurements; and structural characterisation by: optical microscopy; 
atomic force microscopy (AFM) and scanning electron microscopy (SEM). 
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5.5.1 Focused Magneto-Optic Kerr Effect (fMOKE) magnetometry 
             The focused magneto-optic Kerr effect (fMOKE) system was used for obtaining 
magnetization hysteresis loops from thin films and structures. 
 
             In 1877, John Kerr discovered the magneto-optic Kerr effect (MOKE) [137] when 
describing the phenomenon of change of polarized light reflected from a magnetic surface 
[10], [138]. MOKE describes the rotation of polarization of light reflected from a magnetic 
surface. The degree of rotation depends on the strength and direction of the magnetization, 
as well as on material-specific optical constants. Generally, the extent of rotation is just a few 
tenths of a degree at most [10].  MOKE can be understood through three configurations: polar, 
longitudinal and transverse [137], [138] as shown in fig 5.21.  
 
 
Figure 5.21: Illustration of three different optical and magnetic geometries of MOKE 
measurements: a) polar configuration, b) longitudinal configuration and c) transverse 
configuration. 
 
In the polar configuration, the magnetization M is perpendicular to the sample surface. 
In the longitudinal configuration M is in the sample surface and parallel to the optical plane of 
incidence. In the transverse configuration, the M is in the sample surface and perpendicular to 
the optical plane of incidence (and in this case, MOKE results in a change in light intensity, not 
polarization rotation). The rotation of polarization (seen in the longitudinal and polar 
configurations) does not lead to a change in the reflected laser intensity directly but this may 
be detected via polarization optics.  
 
The fMOKE system used detects these changes in polarization and pick up the changes 
M M M
(a)                            (b)                                  (c)
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of intensity.   
 
Figure 5.22 shows a schematic of the fMOKE system used here. In brief, a continuous 
wave (CW) laser beam (Coherent Verdi V-2, wavelength 532nm) was polarized with a Glan-
Laser prism polarizer and focused to a full-width-at-half-maximum (FWHM) spot size of 4 µm 
x 7 µm on a magnetic sample. However, the spot had significant intensity beyond this, which 
is why the structure array samples were made with 75 wires to avoid significant signals from 
the surrounding thin films being detected (see §5.4.1).  
 
 Samples were mounted on a motion system for in-plane translation and positioned 
between electromagnet pole pieces to be subjected to an external magnetic field. The space 
between the two electromagnets poles is relatively small, therefore, samples are restricted to 
sizes no larger than approximately 5 mm x 5 mm (see §5.4.1). The reflected light from the 
sample surface passed through an objective lens to collimate the beam.  
 
A 90:10 pellicle beam splitter allowed the majority of the reflected beam to pass 
through a quarter-wave plate to remove polarization ellipticity and an analyzer (to convert 
polarization changes into intensity changes) before detection by a Si photodiode. The lower 
intensity beam from the beam splitter passed through a low-pass filter (to remove most of the 
laser wavelength light) and, with a collinear white-light source, allowed the sample surface to 
be imaged on a CCD camera.  
 
The optical (MOKE) signal was recorded during application of a time-varying magnetic 
field via the electromagnet using an oscilloscope. These signals were then plotted 
parametrically to obtain a magnetization hysteresis loop.  
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Figure 5.22: Sketch of the optical layout of the fMOKE system. Abbreviations according to the 
precedence in the sketch are: ND, neutral density filters; BS, beam splitter; Pol, polarizer; L, lens; 
BS, beam splitter; and λ/4, quarter-wave plate respectively. 
 
 
5.5.2 Anisotropic magneto resistance (AMR) system. 
            Magnetoresistance (MR) describes the change of electrical resistance of a material 
when an external magnetic field is applied [17] and can be calculated as [10]:  
 𝑀𝑅 = ¦§o¦\¦\                (5.9) 
 
          where RH is the resistance during application of the magnetic field and R0 is the 
resistance without a magnetic field. Anisotropic magnetoresistance (AMR) is seen in 
ferromagnetic materials and depends on the alignment of a sample’s magnetization to the 
electrical current direction [139], [140].  
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AMR can be described by: 
 𝑅(𝜙) = 𝑅ª + (𝑅∥ − 𝑅ª)𝑐𝑜𝑠H𝜙       (5.10) 
 
        where R(f) is the resistance of the material, 𝑅ª and 𝑅∥ denote the resistance when current 
and magnetization are perpendicular and parallel, respectively, and f is the angle between 
current and magnetization. For most materials, 𝑅ª < 𝑅∥ and so the maximum resistance is 
seen when current and magnetization are parallel, and the minimum resistance seen when 
current and magnetization are perpendicular. AMR was originally described by Lord Kelvin in 
1850 [10].  
        AMR was measured using a “GMW Magnet System 5403AC” electromagnet, a KEITHLEY 
6221 DC and AC current source and a “Stanford Research Systems SR830 DSP” Lock-in 
amplifier. The magnetic sample was mounted between the two electromagnet poles and 
contacted by a linear array of four needle probes, with probes separated by 1 mm. The outer 
two probes were used to applied AC current from the KEITHLEY current source and the inner 
two were used to measure the resulting potential difference across the magnetic wire while 
under magnetic field. An external field from -100 Oe to 100 Oe was applied during AMR 
measurement and the voltage was recorded using software designed in LabView.                         
 
         This procedure was carried out with the magnetic field applied either parallel or 
perpendicular to the electrical current. Fig 5.23 shows the main parts of the AMR 
measurement system and MR sample cell.  
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Figure 5.23: Sketch of Anisotropic Magnetoresistance system (AMR). 
 
 
5.5.3 I-V test system 
            The basic current-voltage (I-V) characteristic of microstructures were tested using an a 
Keithley 2400 Source Meter with a two-contact arrangement (fig 5.24).    
 
 
Figure 5.24: The system of a I-V test system. 
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5.5.4 Optical microscopy  
Optical microscopy was performed using a “ZEISS Stemi 305” Greenough Stereo 
microscope with LED Integrated illumination. In-built optical zoom instead of changing 
objective lenses.  Both reflection and transmission microscopy were used and a x5 zoom used 
for immediate observation of fabricated samples. ZEN-lite imaging software allowed simple 
image processing to be conducted.  The Greenough microscope can give crisp 3D impressions, 
versatile object illumination. The 3 D images are achieved based on the double spot 
illumination with self-carrying goosenecks is optimal. It creates half-shadow effects that lead 
to a good 3D impression without overly dark shadows. 
 
5.5.5 Atomic force microscopy (AFM) 
Atomic force microcopy (AFM) was used to measure the lateral and out-of-plane 
dimensions of structures and ablated regions, as well as to measure surface roughness. AFM 
was performed using a “Veeco Dimension 3100” scanning probe microscope, which offers sub-
nanometre resolution (20 nm in plane and 1 nm out of plane) and both contact and tapping 
mode AFM.  The principle of AFM is that a cantilever with a sharp tip is used to scan the surface 
of a sample. The movement of stage along x and y axis are 150 mm with 2 µm resolution. Fig 
5.25 shows the Veeco Dimension 3100 AFM. 
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Figure 5.25: a) Simple schematic of AFM system and b) The Veeco Dimension 3100 AFM. 
 
5.5.6 Scanning electron microscopy (SEM). 
A scanning electron microscopy (Raith EO FE-SEM) system was used for imaging and 
characterizing the micro/nano-scale magnetic structures. The electron source of this system 
was a “Schottky Thermal Field Emission sources (TFE)” and the acceleration voltages (a.v.) used 
were 0.1kV - 30kV. This system can offer resolution: 1.3 nm with a.v. of 15 kV, 2.1 nm with a.v. 
of 1 kV and 5.0 nm with a.v. of 0.2 kV. Here, we used a.v. of 10kV and secondary electron 
imaging.  Samples patterned on silicon substrates were imaged using SEM directly without any 
further preparation but structures on glass substrates were coated with 3-4 nm of a metallic 
(permalloy) thin film by thermal evaporation (see §5.2). This conductive layer prevented the 
accumulation of electrostatic charge during SEM imaging to avoid aberrations and failed scans.  
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Figure 5.25: Raith ‘EO’ FE-SEM System. 
             
 
 
 
5.6 Summary 
         The experimental methods including thin film deposition, laser fabrication methods, and 
characterization techniques used in this project were covered in this chapter. This included 
production of single pulses and control of the overlap between successive laser pulses in pulse 
trains. This was achieved by tuning two parameters: the electric current supplied to the laser 
diode driver to control the repetition rate and the sample scanning speed to control the 
distances/overlap between pulses. This allows laser scan lines to be designed for fabrication of 
magnetic wires and arrays of two-dimensional elements. Fabricated structures were subject 
to focused Magneto-Optic Kerr Effect (fMOKE) magnetometry and measurement of 
anisotropic magnetoresistance (AMR). The structures were also imaged using scanning 
electron microscopy (SEM), atomic force microscopy (AFM) and optical microscopy.  
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Chapter 6: Laser induced forward transfer (LIFT) of magnetic 
structures 
 
6.1 Introduction 
         In this chapter, the attempts to fabricate magnetic structure and the results that were 
obtained using LIFT are presented. The methodology of performing LIFT adopted here is 
described in detail in §5.4.2.  
 
Three laser systems were used to pattern magnetic structures: a 350 picosecond pulse 
length Diode-Pumped Solid-State (DPSS) Q-switched laser system, 800 picosecond pulse length 
Diode-Pumped Solid-State (DPSS) Q-switched laser system and femtosecond pulse length Ti: 
sapphire laser system. The fabricated structures were tested by fMOKE magnetometry for 
magnetic properties and the I-V test system for electrical properties. These structures were 
also characterized by optical microscopy, AFM and SEM.   
 
The patterned structures include sets of separated and continuous wires and arrays of 
dots. The results are presented based on the laser system that was used for fabrication. All 
details of the laser systems and the characterisation methods used can be found in the 
Experimental chapter (Chapter 5).  
 
6.2 LIFT with 350 ps pulse length DPSS- Q-switched laser system  
         The initial attempts to use LIFT were made on 20 nm permalloy films on glass onto a 
silicon acceptor substrate using a 350 picosecond pulse length DPSS- Q-switched laser system. 
Fabrication of separate and continuous wires were attempted. The pulse energy used was 5.6 
µJ with a repetition rate of laser about 14.2 kHz.  
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           The laser beam was focused onto the donor substrate using a 0.30 NA objective lens. 
The laser ablation spot diameter was measured to be approximately 5.0 µm, giving an effective 
fluence of 28.6 J. cm-2.These parameters were chosen depending on the optics available with 
the laser system 
 
         The structures were fabricated using the same code that was used to fabricate arrays of 
magnetic wires in LDW- (Appendix A) in §5.4.1 and §5.4.2 but with a much slower scanning 
speed of just 1.5 mm. s-1. This gave an overlap between successive laser pulses of about 98%. 
The transfer was conducted with the donor (D) and acceptor (A) substrates in direct contact. 
 
Two structures were created: separate wires 2 mm in length (shown in an array of ten 
wires in Fig. 6.1a) and a structure containing 1 mm long connected wires (Fig. 6.1b). Fig 6.2 
shows the optical microscopy image of donor substrates following LIFT ablation of single 
isolated wire and SEM images (Fig. 6.3 for a single isolated wire) showed that each wire was 
7.9 µm wide but suffered from a fragmented structure with additional debris on either side. 
 
 
Figure 6.1: Optical microscopy images of LIFT-fabricated permalloy wires: a) ten separate wires of 
2 mm length and line separation of 10 µm and b) a continuous structure of 20 connected wires of 1 
mm length and 50 µm line separation. Both images are of transferred material on the acceptor 
substrate. 
 
ba
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Figure 6.2: Optical microscopy images of donor substrates following LIFT ablation of single isolated 
wire 
 
 
 
Figure 6.3 Scanning electron micrographs of LIFT-transferred permalloy wire of width 7.9 μm at two 
magnifications. 
  
However, rotating the sample inside the SEM chamber (by 55° and 70° in Fig. 6.4) 
revealed that the structure visible was in fact a groove etched from the acceptor substrate. 
This groove and the scattered fragments seem to have resulted from the high intensity of the 
laser used here (far higher than the ablation threshold) and the very high overlap ratio between 
laser pulses used in this initial experiment.  
 
200 µm 
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Figure 6.4: Scanning electron micrographs of acceptor substrate at imaging angles of (a) 55° and 
(b) 70° following LIFT processing. 
               
The high overlap ratio was designed to create structures with smooth edges but the 
high number of pulses at each position appeared to cause problems with the final state of the 
acceptor substrate. While the first pulse in an area might have ablated/transferred the 
magnetic material from the surface of the donor, the successive pulses appeared to destroy 
any transferred structure and instead etching the deposited material and the acceptor 
substrate. The result of this process is mixture of transferred permalloy material and fragments 
of etched silicon. 
 
Not surprisingly, the fragmented material on the acceptor substrate showed no 
magnetic response when measured by fMOKE (fig 6.5). 
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Figure 6.5: fMOKE M-H characteristic of LIFT-transferred wires using high degree of spatial overlap 
of pulses from ns-pulse length DPSS- Q-switched laser. 
  
          
         However, measurements of resistivity showed that very weak electric currents were able 
to pass through the wire (Fig. 6.6). An electric current between 10 nA and -25 nA was applied 
with voltages between -1 V and 1 V with a separation between needle probe contacts of 
approximately 0.5 mm. Some measurement attempts (with probes repositioned each time) 
resulted in a non-linear I-V characteristic (Fig. 6.6 attempts 2 and 3), which may be due to the 
Si content in the fragmented material. Analysis of the linear response region allowed a 
resistance of 1.3 GW to be measured.  
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Figure 6.6: The electric current passing through the wire with contribution of silicon substrate by 
applied voltage from 1V to -1V for three attempts.  
 
 
          In order to check the accuracy of the initial measurements of conductivity of wire and to 
sort the contribution of silicon substrate than magnetic wire, this measurement was repeated 
after a week.  The conductivity of the silicon substrate and wire were measured separately to 
determine their separate contributions (Fig. 6.7). The I-V characteristics are strongly non-
Ohmic and show that the wire had a larger resistance than the forward bias resistance of the 
substrate. These results may suggest isolated elements through the wire because getting more 
oxidation between the two measurements.  
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Figure 6.7: The electric current passing through; a) silicon substrate and b) the wire by applied 
voltage from 1V to -1V with forward contact and reverse contact. 
 
 
     
6.3 LIFT with 100 fs pulse length Ti: sapphire laser system 
 
        LIFT processing using the 100 fs pulse length, 80 MHz repetition rate Ti: sapphire laser 
system with frequency-doubled 750 nm wavelength light. The laser beam was focused with a 
0.75 NA objective lens onto the sample to achieve a focal spot width of approximately 3 µm, 
which resulted in a pulse overlap of 99.99 % with scanning speed of 10 mm.s-1. Ablation of a 
40 nm permalloy film could be achieved with a threshold fluence of about 110 mJ.cm-2 
(intensity about 0.1x1013W/cm2). The permalloy film was on contact with the acceptor (silicon) 
substrate. 
 
The donor substrate showed clear signs of ablation having taken place, for example, 
Fig. 6.8 shows images of the donor magnetic thin film with regions removed from various 
fluence, F (110 mJ.cm-2, 120 mJ.cm-2, 125 mJ.cm-2 and 130 mJ.cm-2); the calculation of ablation 
threshold fluence was based on the continuous film removal observed with pulse energy = 6nJ 
(F = 125 mJ.cm-2). 
 
However, no magnetic material could be observed on the acceptor substrate for any 
value of pulse energy. This phenomenon occurred possibly due high intensity of femtosecond 
pulse which about 1013 W/cm2. Where, the materials were possibly transferred as very tiny 
debris as powder because of difference of thermal conductivity between the permalloy and 
the material of acceptor as will discuss further next, especially with very high repetition rate 
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which apply one ultra-short pulse in each 12 ns in which might be destroyed all transferred 
material  by applied new pulse on the same debris itself, where the pulses overlap 99.99 % as 
mentioned before. 
 
 
Figure 6.8: Optical microscopy images of donor substrates following LIFT ablation using 750 nm 
wavelength laser light from a 100-fs pulse width Ti: sapphire laser using laser fluence, a) 110 mJ. 
cm-2, b) 120 mJ. cm-2, c) 125 mJ. cm-2 and d) 130 mJ. cm-2) 
 
6.4 LIFT with ps pulse length DPSS- Q-switched laser system 
         The DPSS- Q-switched laser system with 800 ps width pulses and 532 nm wavelength was 
used to investigate LIFT of permalloy films. As noted in §5.3.2, the laser pulses were focussed 
with a 0.75 NA objective lens to obtain a spot size of 1.85 µm diameter. Several parameters 
were adjusted in this study of transferring permalloy films, including thin film thickness, sample 
scanning speed, laser pulse energy, distance between donor/acceptor substrates, the acceptor 
materials and commands within the program code that control the sample motion. Results for 
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each parameter will be presented here.  Control of the laser average power and pulse 
repetition rate by varying the laser diode driver current are shown in fig 6.9. 
 
 
Figure 6.9: The pulse repetition rate and average power of the 800 picosecond laser as a function 
of laser diode driver current. 
 
6.4.1 Transfer material using “Dwell” command 
 
Arrays of dots were transferred using the “Dwell” command, which is used to pause 
the sample motion a specified time. Here, the Dwell command was used to control the number 
of pulses per dot. Delay times of 1s, 0.06s, 0.05s and 0.001 s were used with different repetition 
rates and various thin film thickness. 
 
a- Effect of the delay time by Dwell  
The initial attempts to use the Dwell command were with a 20 nm permalloy film, pulse 
energy of 3.5 µJ, pulse repetition rate of 13 kHz, silicon acceptor substrate and without 
separation between acceptor and donor substrates. An attempt to transfer a 5 x 5 array of 
elements with 60 µm between elements used a 1 s Dwell time to apply 13,000 pulses for each 
dot. The shape of this structures did not appear as separated dots but as a continuous structure 
(Fig. 6.10). 
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Figure 6.10: Optical microscopy images of array of 5x5 elements separated (in the design) by 60 
µm created with LIFT arrangement and ps-pulse length laser pulses with a sample Dwell 
parameter equal to 1 s. Images show a) donor substrate with 20 nm permalloy film (dark) and b) 
transferred structure deposited on silicon acceptor substrate (light). 
 
          The transferred array on the acceptor substrate appeared powdery and could be 
removed mechanically very easily. The high pulse energy and large number of pulses per point 
resulted in the shape of transferred structures not matching designed shapes. Therefore, the 
Dwell time was reduced to 0.06 s to apply 780 pulses for each dot, with other parameters 
identical to those used previously. The transferred structures also appeared like a powder on 
the acceptor and were again removed easily but the elements were distinct from each other 
(Fig. 6.11). 
  
 
Figure 6.11: Optical microscopy images of array of 5x5 elements separated (in the design) by 60 
µm created with LIFT arrangement and ps-pulse length laser pulses with a sample Dwell 
parameter equal to 0.06 s. Images show; a) donor substrate with 20 nm permalloy film (dark) and 
b) transferred structure deposited on silicon acceptor substrate (light). 
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         Greater separation between the elements was achieved using a thicker (40 nm) film of 
permalloy and reducing the Dwell time further to 0.05 s, which reduced the number of pulses 
per dot to 650 shot. However, the transferred material again appeared as a powder on the 
acceptor substrate and was again removed easily (Fig. 6.12). 
 
 
Figure 6.12: Optical microscopy images of array of 5x6 elements separated (in the design) by 60 
µm created with LIFT arrangement and ps-pulse length laser pulses with a sample Dwell 
parameter equal to 0.05 s. Images show a) donor substrate with 40 nm permalloy film (dark) 
and b) transferred structure deposited on silicon acceptor substrate (light). 
 
 
 
 
a- Effect of the repetition rate  
Further reduction of the repetition rate to about 6 kHz and pulse energy to 2.5 µJ (F = 
93 J.cm-2) with a Dwell value of 0.001 s allowed just six pulses per dot to be used. This resulted 
in incomplete removal of material from the silicon substrate (Fig. 6.13).  
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Figure 6.13: Optical microscopy images of array of 5x5 elements separated (in the design) by 40 
µm created with LIFT arrangement and ps-pulse length laser pulses with a sample Dwell 
parameter equal to 0.001 s. Images show a) donor substrate with 40 nm permalloy film (dark) and 
b) transferred structure deposited on silicon acceptor substrate (light). 
            
 
 Consequently, to minimize the size of elements and obtain more regularly shaped elements, 
the number of pulses per dot were again reduced by lowering the repetition rate to about 4 
kHz and using a pulse energy of 250 nJ. Setting the Dwell parameter to 0.001 s meant exposure 
became four laser pulses per dot position. An array of 10x10 elements with 3.5 µm between 
elements was transferred using a 70 nm permalloy film.  
        
 Despite the elements only having small separation, they remained clearly identifiable 
but in fact were deposited only as scattered debris (Fig. 6.14). The balled nature of the 
transferred material appears to show that it had melted and then formed spheres as a liquid.  
 
Chapter 6. Laser induced forward transfer (LIFT) of magnetic structures 
 
109 
 
 
Figure 6.14: Scanning electron micrographs of a) array of 10x10 elements transferred by LIFT using 
Dwell command of 0.001 s (four laser pulses per point) with spaces between elements 3.5 µm with 
thickness of 70 nm and b) image of single dot deposited on silicon substrate as scattered debris, 
with the inset providing an additional 362 x times magnification. 
 
 
6.4.2 Transfer material using “Linear” command  
 
LIFT of permalloy was also attempted using a constant sample scanning speed obtained 
using the software’s “Linear” command. Scanning speed was varied from 1 mm.s-1 to 300 
mm.s-1 to avoid the problem of multiple pulses destroying the transferred structures as seen 
with the results shown above and instead to ensure a single laser pulse per position (i.e. no 
pulse overlap). This was investigated using a permalloy film of 40 nm thickness, pulse energy 1 
µJ (laser fluence of 4.5 J. cm-2 compared to a threshold fluence of 2.2 J.cm-2), a pulse repetition 
rate of 3.5 kHz, a silicon acceptor substrate and with the donor and abstract substrates in 
contact. These values produced a laser ablation spot about 6 µm diameter. 
 
Fig 6.15 shows examples of optical microscopy images of transferred single ablation 
line on the silicon substrate using scanning speeds of 1 mm.s-1, 5 mm.s-1, 10 mm.s-1, 40 mm.s-1 
and 300 mm.s-1. The use of 1 mm.s-1 scanning speed resulted in an unusual wire appearance, 
possibly due to re-ablation of deposited material by successive pulses. A more continuous 
single wire was generated with scan speeds from 5 mm.s-1 while using 300 mm.s-1 scan speed 
resulted in separated dots. The structures had diffuse debris deposited more widely but this 
reduced with increased scan speeds and could not be seen for scan speeds of 300 mm.s-1, 
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which is most easily understood as simple having fewer pulses per unit distance. 
 
 
Figure 6.15: Optical microscopy image of LIFT-fabricated single wires (60 nm thick permalloy) with 
scanning speeds of a) 1 mm.s-1, b) 5 mm.s-1, c) 10 mm.s-1, d) 40 mm.s-1 and d) 300 mm.s-1. 
 
 
  The width of the structure in fig 6.15d was measured by AFM for other structures in 
fig 6.15 by analysis of optical microscopy. The structure width was found to decrease with 
increase in the sample scanning speed (Fig. 6.16), which reflects a reduction in pulse overlap.  
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Figure 6.16: Scanning speed as function to lines widths. 
  
            Atomic force microscopy (AFM) images of the line of dots created using a scanning 
speed of 300 mm.s-1 showed that the elements were actually holes in the Si substrate, similar 
to what was seen with multiple pulses above (§6.2). One difference here, though, was the 
appearance of some previously molten material around the holes (fig 6.17a inset).  
 
 
Figure 6.17:  AFM images of separated dots created by LIFT from a 60 nm permalloy film. Inset to 
part a shows previously molten material around the edge of the dots. 
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             The effect of pulse energy on the morphology of patterned dots was investigated by 
creating series of dots using laser pulse energies of 1.4 µJ, 0.60 µJ, 0.40 µJ and 0.20 µJ 
(corresponding to fluences of 4.3 to 0.8 J.cm-2) at a sample scan speed of 140 mm.s-1, 220 
mm.s-1, 250 mm.s-1 and 300 mm.s-1 and maintaining all other conditions as used previously. 
AFM images of the resulting acceptor substrate dot regions (Figures 6.17 – 6.21 for pulse 
energies 1.4 µJ – 0.20 µJ, respectively) showed that holes seen in the acceptor substrate at 
high pulse energies gradually reduced with lower pulse energies until just surface material 
remained for the lower pulse energy used (0.20 µJ). 
  
 
 
Figure 6.18:  AFM images of dots created by LIFT with scanning speed of 220 mm/s and pulse 
energy 1.4 µJ, showing holes with 6.5 µm diameter separated by about 1.5 µm. 
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Figure 6.19:  AFM images of line of dots created with scanning speed of 300 mm/s and pulse 
energy 0.6 µJ, the diameter of dots (holes) 5 µm and separation distance 7 µm. 
 
 
Figure 6.20:  AFM images of dots created by LIFT with a sample scanning speed of 250 mm/s and 
pulse energy 0.4 µJ. The dots (holes) had a diameter of 4.5 µm and were separated by 7.5 µm. 
 
 
 
a b
5 µm 5 µm
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Figure 6.21:  AFM images of line of dots created with scanning speed of 140 mm/s and pulse 
energy 0.2 µJ. The dots had a diameter of approximately 2.5 µm separated by 2.7 µm. 
 
 
         The size of the transferred elements or width of etched holes increased with the laser 
pulse energy (Fig. 6.22). This is due to a non-uniform intensity across the focal laser spot and 
higher pulse energies resulting in a greater proportion of the laser spot being above the 
ablation threshold.  The range of pulse energies used here resulted in feature sizes from 2.5 µm 
– 6.5 µm.         
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Figure 6.22: Pulse energy as function to the size of transferred element (hole size). 
 
 
The pulse energy was reduced further to 100 nJ and separation introduced between 
the donor and acceptor substrates, varying from 100 µm to less than 10 µm. For donor-
acceptor separations from 40 – 100 µm and 0.1 µJ pulse energy, the transferred material 
deposited on acceptor substrates appeared as a powder and was easily removed by cleaning 
as shows in fig 6.23.      
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Figure 6.23: Optical microscopy images of LIFT transferred permalloy on a silicon (acceptor) 
substrate obtained with laser pulse energy 0.1 µJ and donor-acceptor substrate separation of a) 
100 µm and b) 40 µm. The images were taken before cleaning the acceptor substrate. 
 
        
             The mean free path, l, of particles in a gas can be calculated by [141]. 
 𝜆 = D√®®nZj                              (6.2) 
 
where q is the particle diameter and n is the number of molecules per volume.  
 
The equation of state of ideal gases is: 
 𝑃𝑉 = 𝑛𝑅𝑇                             (6.3) 
 
where R is the universal gas constant, T is temperature, V is the gas volume and P is the 
gas pressure. Given then n = N/V, where N is the number of molecules of gas, Eq (6.3) can be 
written: 
 
a
100 µm
100 µm
b
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𝑛 = ^±²¦                                         (6.4) 
 
where NA is Avogadro’s number and R is the universal gas constant. Substituting (6.4) 
into (6.2) obtains: 
 𝜆 = ¦√H®nZ^±²                       (6.5) 
 
Ni has an atomic radius of 2 Å [142], so using q = 4 Å, T = 300 K and P = 105 Pa gives l 
= 5.8x10-8 m. This is lower than the donor-acceptor substrates used above and suggests that 
ablated material will undergo several collisions between the two substrates. This will reduce 
the kinetic energy of ablated species and cause them to become largely thermalized upon 
reaching the acceptor substrate. This explains the lack of adhesion seen with transferred 
material at donor-acceptor separations greater than 40 µm seen above. Also, the shock wave 
reflected from acceptor is likely to scatter the material during its transfer [130].  
 
             To reduce the number of gas-phase collisions (and remove any shock wave effects), the 
donor-acceptor separation was reduced to less than 10 µm and LIFT operated under vacuum 
conditions (estimated to be 0.1 Pa), still with a pulse energy of 0.1 µJ. Eq. 6.1 above suggests 
that the mean free path would have increased to l = 5.8x10-2 m. This resulted in transferred 
material that was more tightly distributed (Fig. 6.24a) but, upon closer examination, appeared 
as scattered debris (Fig. 6.24b).  
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Figure 6.24: Scanning electron micrographs of transferred 40 nm permalloy on silicon substrate 
with distance between D/A less than 10 µm with pulse energy 0.1 µJ. 
 
 
   Even lower pulse energy of 60 nJ was used, still under vacuum, but with the donor 
and acceptor substrates in contact. The nature of the transferred material is similar to previous 
attempts with substrate separations less than 10 µm, with it appearing as scattered debris (Fig. 
6.25). These debris have out-of-plane dimensions of several hundred nanometres while the 
donor substrate showed relatively uniform removal of the 40 nm thick permalloy film (Fig. 
6.26). This suggest that the transferred material formed a liquid, either in the gas phase or on 
the acceptor substrate surface, and formed droplets due to surface tension before solidifying 
after cooling. 
 
 
Figure 6.25: Scanning electron micrographs of transferred 40 nm permalloy on silicon substrate 
without distance between D/A using pulse energy 60 nJ. 
2 µm20 µm
a b
1 µm2 µm
a b
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Figure 6.26: Optical microscopy images of donor substrates following LIFT ablation (40 nm thick 
permalloy) using pulse energy 60 nJ.  
 
 
              The nature of the material transfer was also investigated by performing LIFT on 40 nm 
thick permalloy onto a glass acceptor substrate (instead of silicon), with and without separation 
between the donor and acceptor substrates. The transferred material (Fig. 6.27) again 
appeared as a distribution of debris but closer analysis (Fig. 6.27b) shows that the transferred 
objects were smoother than previously. This suggests that either the different surface energy 
of glass compared to silicon promotes greater balling of the material and / or the lower thermal 
conductivity of glass (1 W. m-1. K-1 [143]) compared to silicon (130 W. m-1. K-1 [143]) causes 
slower cooling rates and gives transferred atoms greater opportunities to reach minimum-
energy positions by forming the more spherical structures. The thermal conductivity of metallic 
permalloy (9630 W. m-1.K-1 [144]) is much higher and, assuming this remains the case for its 
liquid state, this will cool readily if a sufficiently conductive external heat sink (such as the 
acceptor substrate) is available.   
 
200 µm 
Chapter 6. Laser induced forward transfer (LIFT) of magnetic structures 
 
120 
 
 
Figure 7.27: Scanning electron micrographs of transferred 40 nm permalloy on glass substrate 
without distance between D/A using pulse energy 60 nJ. 
 
      
 Attempts to transfer magnetic materials using linear command with thicker films from 
50 nm – 90 nm with various pulse energies were also made but with similar results to those 
from 20 nm and 40 nm thick films shown above. 
 
6.5 Summary 
In this chapter, we have presented the main attempts to transfer permalloy thin film 
material as patterned structures with the Laser Induced Forward Transfer (LIFT) process using 
three laser systems. Multiple and single laser pulses at each transfer point were investigated 
(using commands ‘linear’ and ‘Dwell’ in the A3200 sample position control software). The film 
thickness, scanning speed, pulse energy, distance between donor and acceptor substrate, 
operating LIFT under vacuum or atmospheric conditions and the acceptor material were 
varied. However, none of this allowed the thin film morphology to be transferred to the 
acceptor substrate and the permalloy appeared as debris particles. LIFT performed at 
atmospheric pressure resulted in weak adherence to the acceptor substrate. This appeared to 
be due to a low mean free path of ablated species and their consequent thermalization before 
deposition, and was overcome by conducting the experiment in a vacuum. The size of these 
particles suggested that the permalloy melts either in the gas-phase following ablation or on 
the acceptor substrate before solidifying into droplets. A lower thermal conductivity substrate 
a b
200 nm20 µm
Chapter 6. Laser induced forward transfer (LIFT) of magnetic structures 
 
121 
 
(glass rather than silicon) resulted in more spherical droplets, which is consistent with slower 
cooling through the melting point and consequently longer for atoms to have high surface 
mobility and become arranged into positions to minimise droplet surface energy.  Where 
measured, no ferromagnetic response could be measured by MOKE but the droplets may be 
superparamagnetic. This could be tested in future with larger areas of deposition with a highly 
sensitive magnetometry technique such as with a superconducting quantum interference 
device magnetometer (SQUID). Attempts to reduce the energy of ablated species through 
larger donor-acceptor substrate separations at atmospheric pressure resulted in a loss of 
particle adhesion to the acceptor substrate.  
 
As motioned in §4.5.3, LIFT was used successfully to form wide range of materials from 
metals to biomaterials.  That can refer to strong possibility to transfer magnetic materials 
successfully in the future using new parameters as in following.  
 
In future a very high thermal conductivity substrate could allow deposited material to 
become cooled quickly and prevent or minimise surface mobility of ablated species. The free 
surface energy of the acceptor material or a coating on the acceptor could be adjusted to 
promote the LIFT deposited material to form a film when in the liquid state. Alternatively, the 
donor film design could be adjusted to include a low melting point sacrificial underlayer 
“Dynamic Release Layer" (DRL) to permalloy that absorbs the incident laser light and ablates, 
transferring the overlying permalloy layer as a solid layer. This has been used previously to 
transfer for instance: polymer [130], [145], aluminium [97], and liposomes and DNA[130]. A 
similar effect might be achievable with a single layer of permalloy that is thicker than its optical 
absorption depth at the laser wavelength, with the permalloy closest to the substrate 
exploding into the gas phase and forcing the surface regions towards the acceptor substrate 
as a solid. Of course, other magnetic materials could be investigated, particularly if they have 
different melting points or liquid surface energy to permalloy. It might also be possible to 
adjust the laser source to avoid heating the ablated species, wither with ultra-violet (UV) 
wavelengths or being able to use single ultra-short (femtosecond) pulse lengths. This wasn’t 
possible here due to the high pulse repetition rate of the Ti: sapphire laser and would require 
a pulse picker to achieve. The benefit of being able to achieve LIFT patterning of magnetic 
materials remains extremely rapid fabrication of microstructures. Although many difficulties 
Chapter 6. Laser induced forward transfer (LIFT) of magnetic structures 
 
122 
 
were encountered here, the route may still be achieved in future. 
 
            All the previous challenges faced in this part of the project, the solutions and results we 
obtained, and suggestions for future work are summarised in the flowchart in fig 6.28.     
 
 
Figure 6.28: Simple flowchart of: phenomena, problems, solutions and results that were seen for 
transfer of permalloy magnetic materials by LIFT as well as suggested future actions. 
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Chapter 7: Laser direct writing subtraction (LDW-) fabrication of 
magnetic structures 
 
7.1 Introduction 
         This chapter presents the results of laser direct writing-subtraction (LDW-) of micro/nano-
scale permalloy structures. One-dimensional (1D), two-dimensional and (2D) structures were 
fabricated and tested by fMOKE and imaged with optical microscopy, AFM and SEM. The 1D 
structures show a width dependent coercivity, while various 2D magnetic structures, including 
arrays of squares, rectangles and rhombic structures also show a shape-dependent 
magnetisation response. These are all fabricated by using pulsed laser ablation to remove 
unwanted regions of a thin film, which allows user-defined arrays covering from almost 1 mm2 
up to over 2 mm2 to be fabricated in a single dry processing step taking just 10 – 85 s. 
Millimetre-length permalloy wires of different micro-scale widths are also patterned and their 
width-dependent magnetisation response measured using anisotropic magnetoresistance 
(AMR) and tested by fMOKE and imaged with optical microscopy. This demonstrates the 
potential of LDW- rapid fabrication of magnetic structures to create magnetic field sensors 
with tailored sensitivity. 
 
7.2 One-dimensional magnetic structures 
         Micro/nano-scale magnetic wires were fabricated from permalloy thin films using the 
Alphalas diode-pumped solid state (DPSS) 800 picosecond pulse width laser system (see 
§5.3.2). After initial studies of the capabilities of this approach, structures were fabricated 
systematically with a range of wire widths, sample scanning speed, film thickness, number of 
wires, laser fluence and pulse overlap ratio. The wires fabricated are connected with the thin 
membrane at the ends. 
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7.2.1 Initial attempts of 1D structure fabrication 
            The initial attempts investigated the capability of the ps pulse width laser system to 
fabricate 1D magnetic structures with high resolution in the shortest time possible as well as 
controlling the overlap between laser pulses. The magnetic properties of patterned structures 
were measured using the fMOKE system (see §5.5.1). 
          
The first attempt to fabricate magnetic wires used a pulse energy of 1.43 µJ and a pulse 
repetition rate of about 3.5 kHz. This gave an ablation spot diameter of about 4 µm which 
corresponds to a fluence of approximately 11 J.cm2. The sample scanning speed was adjusted 
to control the laser pulse overlap on films (see §5.3.4). An array of 50 magnetic wires of length 
3.00 mm was fabricated from a 90 nm thick permalloy film (on glass) by creating ablation lines 
separated by 6.00 µm (Fig. 7.1) and using a sample scanning speed of 10 mm.s-1 to create 30% 
pulse overlap. The magnetic structures were created by the untouched material between the 
ablation lines. The ablation spot diameter and overlap ratio were measured by AFM of the 
structure in fig 7.2. 
 
 
Figure 7.1: Optical microscopy image of part of an array of 50 permalloy wires fabricated by LDW-, 
with each wire of approximately 4 µm width. The light regions are the magnetic material while the 
dark regions are ablated areas. 
          
Closer inspection of the wires by AFM revealed that the wire edges had an undulating 
profile (see §5.4.1). The phase difference between undulations on opposite wire sides was 
200 µm
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random, due to the precise location of laser pulses not being controlled. The wires had an 
average from 2.0 µm maximum width of 2.1 µm and an average minimum width of 1.3 µm, i.e. 
a maximum difference in wire width of about 1.7 µm. Variation in wire width because the 
undulation side profile of wire as explained in § 5.4.1 as shown in AFM images of this magnetic 
wires (Fig. 7.2).  The time required to fabricate this 300 µm x 3 mm array was just 25 s.  
 
 
 
Figure 7.2: AFM images of permalloy wires created by LDW- using a sample scanning speed of 10 
mm/s, ablation line separation of 6 µm and laser pulse overlap of 30%.  The light regions are the 
magnetic wires while the dark are ablated areas. 
 
        
An array of narrower wires was fabricated to investigate the effect of laser system 
parameters further. The array was again made up of 50 wires of length 3.00 mm but the 
distance between the ablation lines was reduced to 3.0 µm. The pulse energy was adjusted to 
30 nJ and pulse repetition rate to about 5 kHz, which allowed an ablation spot of approximately 
1.85 µm diameter, to be achieved and average wire widths of about 1.15 µm (Fig. 7.3). The 
scanning speed used here was 5.0 mm. s-1, which gave a pulse overlap ratio of about 46% but 
increased the array fabrication time to 43 s. The non-linear increase in the time of fabrication 
will be discussed below.   
     
5 µm
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Figure 7.3: AFM image of permalloy wires created by LDW- fabrication using a sample scanning 
speed of 5 mm/s, ablation line separation of 2.9 µm, ablation spot diameter of 1.85 µm and pulse 
overlap of 46%. The light regions are the permalloy structure while the dark regions are ablated 
areas. 
 
Figure 7.4 shows a section analysis of an AFM scan and Fig. 7.5a 3D optical image from 
wires of different widths. This shows that the edges of fabricated structures are generally 
thicker than the thin film they were fabricated from. This appears to be either due to re-
deposition of ablated species and/or some breaking or twisting of the film at the edges of the 
ablation spot. These are likely to be affected by the optical geometry adopted here of passing 
the laser beam through the glass substrate onto the rear of the magnetic thin film, which 
results in the greatest energy density being absorbed at the film-substrate interface, rather 
than at the surface for direct irradiation of the film.  The AFM section analyses showed that 
the edge profile height was greater for narrower wires (1.15 µm width compared to 1.7 µm 
width). This may have been due to the edge features on either side of the wire coalescing for 
the narrower features.   
 
5 µm
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Figure 7.4:  Atomic force microscopy section analysis of a) 1.7 µm and b) 1.15 µm wide permalloy 
wires fabricated by LDW-. 
 
   
 
 
Figure 7.5: Three dimensional optical microscope images of LDW- fabricated magnetic wires with 
widths a) 1.7 µm and b) 1.15 µm.  
 
The magnetic properties of 90 nm thick permalloy thin film and micro-scale structures 
shown in Figs. 7.2 and 7.3 were measured using the fMOKE system. The measurements were 
performed with both the fMOKE sensitivity direction (in the longitudinal Kerr configuration) 
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and the applied magnetic field were applied parallel to each other, along the wire long 
(magnetic easy) axis and short (magnetic hard) axis to study the effect of shape anisotropy for 
both magnetic wires. 
 
The magnetisation hysteresis loop in Fig 7.6. was measured from a thin film region of 
the permalloy sample. The low coercivity of 4 Oe confirms that the film was behaving as a soft 
ferromagnetic material, as expected (see § 2.4.1).  
 
The long axes hysteresis loops of the magnetic structures showed a characteristic easy 
axis magnetic response, taking a square shape with coercivity of 16 Oe for the 1.7 µm wire 
width (Fig. 7.7a) and 39 Oe for the 1.15 µm wire width (Fig. 7.8a). The hysteresis loop obtained 
from the short axis direction of the wider wire array (Fig. 7.7b) showed near-zero remanence 
and a shape consistent with hard axis behavior. The equivalent loop from the array of narrower 
wires offered poor signal-to-noise ratio. 
 
These loop shapes demonstrate that shape anisotropy was responsible for determining 
the magnetic behaviour (i.e. the demagnetizing field along the long axis is weaker than along 
short axis as explained in §2.2.2 and §2.5.1). Furthermore, the increase in magnetic coercivity 
from 16 Oe for the 1.7 µm wide wires to 39 Oe for the 1.15 µm wide wires also demonstrates 
the dominant influence of shape anisotropy [146]. This indicates that the fabrication method 
was successful in creating each wire as a single magnetic entity. 
 
A hysteresis loop measured from 50 magnetic wires of width 1.15 µm (Fig. 7.8a) 
showed additional low field steps because of a contribution to Kerr signal from the surrounding 
thin film. Hereafter, therefore, the number of patterned wires within an array was increased 
to at least 75. Figure 7.8b shows the hysteresis loop obtained from the short axis direction of 
the wires array.  
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Figure 7.6: Magnetisation hysteresis loop of 90 nm thick permalloy thin film measured by fMOKE. 
 
 
 
Figure 7.7: Magnetisation hysteresis loops of magnetic wire arrays with wire width of 1.7 µm 
along a) long axis and b) short axis. 
 
 
 
Figure 7.8: Magnetisation hysteresis loops of magnetic wire arrays with wire width of 1.15 µm 
along a) long axis and b) short axis. 
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7.2.2 Width variation of magnetic wires 
Arrays of magnetic wires of different widths were fabricated from a 90 nm thick 
permalloy thin film (on glass) by LDW- using the 800 picosecond pulse length system and 
varying the centre-to-centre spacing between ablation lines between 2.0 µm and 8.6 µm. 
These were fabricated using a laser fluence just above the 350 mJ.cm2 ablation threshold 
(pulse energy 10 nJ, pulse repetition rate 6 kHz), which gave an ablation spot diameter of 1.85 
µm. The sample scanning rate was controlled to be 7.5 mm. s-1 which gave a laser pulse overlap 
of 30%.  
         
Figures 7.9 to 7.23 shows SEM images of parts of each wire array. The undulations in 
wire edges are again clear. Non-ablated material is also seen along the ablation lines. This is 
likely to be a consequence of choosing a laser fluence close to the ablation threshold and shot-
to-shot variations in the laser pulse energy causing the incident fluence to sometimes be lower 
than the threshold value. There is also a degree of possibly re-deposited material, as seen 
above. However, the wire structures are nonetheless clear in all structures. Figure 7.24 shows 
the wire width (measured as an average of the minimum and maximum wire widths for each 
array) as a function of ablation line separation. The wire widths were as large as 6.75 µm for 
the 8.6 µm ablation line separation (Fig. 7.9) and as narrow as 150 nm for the 2 μm ablation 
line spacing (Fig. 7.23). 
 
 
Figure 7.9: Scanning electron micrograph of permalloy wires with an LDW- ablation line 
separation of 8.6 µm and wire width 6.75 µm. 
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Figure 7.10: Scanning electron micrograph of permalloy wires with an LDW- ablation line 
separation of 5.6 µm and wire width 3.75 μm. 
 
 
Figure 7.11: Scanning electron micrograph of permalloy wires with an LDW- ablation line 
separation of 4.6 µm and wire width 2.75 μm. 
 
 
Figure 7.12: Scanning electron micrograph of permalloy wires with an LDW- ablation line 
separation of 3.6 µm and wire width 1.75 μm. 
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Figure 7.13: Scanning electron micrograph of permalloy wires with an LDW- ablation line 
separation of 3.1 µm and width 1.25 μm. 
 
 
Figure 7.14: Scanning electron micrograph of permalloy wires with an LDW- ablation line 
separation of 3.0 µm and wire width 1.15 μm. 
 
 
Figure 7.15: Scanning electron micrograph of permalloy wires with an LDW- ablation line 
separation of 2.8 µm and wire width 950 nm. 
 
Chapter 7: Laser direct writing of magnetic structure 
  
 
133 
 
 
Figure 7.16: Scanning electron micrograph of permalloy wires with an LDW- ablation line 
separation of 2.7 µm and wire width 850 nm. 
 
 
Figure 7.17: Scanning electron micrograph of permalloy wires with an LDW- ablation line 
separation of 2.6 µm and wire width 750 nm. 
 
 
 
Figure 7.18: Scanning electron micrograph of permalloy wires with an LDW- ablation line 
separation of 2.5 µm and wire width 650 nm. 
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Figure 7.19: Scanning electron micrograph of permalloy wires with an LDW- ablation line 
separation of 2.4 µm and wire width 550 nm. 
 
 
 
Figure 7.20: Scanning electron micrograph of permalloy wires with an LDW- ablation line 
separation of 2.3 µm and wire width 450 nm. 
 
 
 
Figure 7.21: Scanning electron micrograph of permalloy wires with an LDW- ablation line 
separation of 2.2 µm and wire width 350 nm. 
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Figure 7.22: Scanning electron micrograph of permalloy wires with an LDW- ablation line 
separation of 2.1 µm and wire width 250 nm. 
 
 
 
 
Figure 7.23: Scanning electron micrograph of permalloy wires with an LDW- ablation line 
separation of 2.0 µm and wire width 150 nm. 
 
 
The undulating edge structure was measured to have an amplitude of 125 nm for all 
wire widths, although this results in a disproportionate loss of definition for narrower wires. 
The degree to which edge structure was present was characterised by a width variation 
parameter, a, defined as the ratio of the minimum and maximum wire widths measured across 
multiple positions, so that a = 1 for parallel edges and a < 1 for wave-like edges. The with 
variation parameter is plotted as a function of ablation line width in Fig. 7.24. This makes clear 
the precipitous loss of wire definition (low values of a) as the ablation line spacing approaches 
the same value as the ablation spot diameter.  The reduced width of wires formed using more 
closely spaced ablation lines necessarily creates a larger relative width variation and, therefore, 
reduced values of a.  
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Figure 7.24: Width of LDW- fabricated wires (squares) and width variation parameter, a 
(circles), as a function of ablation line separation (using 1.85 μm diameter ablation spot 
and 30% laser pulse overlap). Wire width is the average of minimum and maximum 
measured wire widths, while a is the ratio of the minimum to maximum wire widths. 
 
 
 
Figure 7.25 (a to j) shows magnetisation hysteresis loops measured by fMOKE obtained from 
the wire arrays for wire widths from 6.75 µm down to 650 nm. These were obtained with the 
Kerr sensitivity direction and applied field along the wires’ long axis. All loops have notable easy 
axis character with sharp magnetisation reversal transitions, which indicates that the 
fabricated structures by LDW- exhibit strong shape anisotropy and may reverse via rapid 
propagation of domain walls injected from the adjoining film. The low field steps observed in 
the narrowest wires (Fig. 7.25 i to j) are due to detection of Kerr signal from the surrounding 
film, which contributes a relatively large signal compared to that of the small structures 
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Figure 7.25: MOKE hysteresis loops of LDW- fabricated permalloy wires of width (a)6.75μm, (b) 
3.75μm, (c)2.75μm, (d)1.75μm, (e) 1.25 μm, (f) 1.15 μm, (g) 950 nm, (h) 850 nm, (i) 750 nm and (j) 
650 nm. 
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Figures (7.26 a to e) shows MOKE loops obtained from even narrower wires, down to 
150 nm in width. Despite the apparently poor physical appearance of these structures (Fig. 
7.19 to 7.23) the magnetisation reversal transitions in hysteresis loops remain reasonably 
sharp until the very narrowest case (Fig. 7.26 e), which nonetheless retains a remanence close 
to Ms. 
 
Figure 7.26: MOKE hysteresis loops of LDW-fabricated permalloy wires of width (a) 550nm, (b) 
450nm, (c) 350nm, (d) 250nm and (e) 150 nm. 
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        The coercivity of the wires was found to be proportional to the inverse of wire width for 
structures at least 650 nm wide (Fig. 7.27). This is commonly observed for well-defined soft 
ferromagnetic wire structures [147] but is perhaps surprising to see here given the edge profile 
of the laser-patterned wires. However, coercivity falls with wire width below 650 nm as the 
definition of the wire edges becomes increasingly poor due to re-deposited and some un-
ablated areas of thin film materials. This is likely to result in increased domain wall pinning and 
strong local variations in shape anisotropy that soften these regions (seen as the gradual 
change in magnetisation in the approach to the sharp reversal events seen in Figs. 7.26 d and 
e).  
 
 
 
Figure 7.27: Magnetic coercivity as function of inverse wire widths. 
 
This fabrication of these arrays is extremely rapid. For example, with the scan speed 
used of 7.5 mm. s-1, the time required to fabricate 75 magnetic wires each of dimensions 
550 nm × 4.0 mm was, in principle, 40s. In practice, this increased to about 85 s due to the 
time required to change the scan direction at the end of each line (requiring acceleration and 
deceleration phases). Fig 7.28 shows total fabrication time for patterning the arrays of different 
widths. The difference in fabrication time is slight, varying between approximately 84.5 and 
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87 s for the narrowest and widest wires, respectively, but the greatest rate of change is for 
wire widths up to 1.25 μm (due to control of stage acceleration and deceleration). Beyond this, 
there are only very small differences in fabrication time.  
 
These considerations give an average effective fabrication rate here of 3.5 mm. s-1. 
Higher repetition rate, scan speed and, for larger structures, larger focal spot size will also have 
a marked impact on the fabrication speed. The fabrication speed will also depend on the 
sample design and the degree to which different scan directions are required. An increased 
laser spot overlap could reduce the limit of 650 nm wire width seen here for well-described 
hysteresis behaviour but will increase the fabrication time of arrays.  However, given the 
considerable proportion of time taken in moving between ablation lines (responsible for over 
half the fabrication time here), the increased of fabrication time can be reduced by fabricate 
narrower wires (higher resolution). 
          
In general, the average fabrication time of each magnetic wire within an array of length 
4 mm using a scanning speed 7.5 mm. s-1 was just 1.14 s.  
        
  
Figure 7.28: Wire width as function of actual and designed fabrication time. 
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7.3 Two-dimensional micro/nano-scale magnetic structures       
         The previous section described the fabrication of arrays of 1D structures (wires) from 
permalloy thin films by LDW- by rastering a sample during application of a series of laser pulses 
and adjusting, i.e. controlling the sample scan speed along one axis direction and stepping in 
the other axis direction between ablation line generation. 
 
Here, the approach is developed further by controlling the sample position along both 
orthogonal in-plane axes during application of laser ablation pulses to create arrays of isolated 
two-dimensional (2D) micro/nano-scale magnetic elements of different shapes and aspect 
ratios. 
The details of the laser ablation procedure are described in §5.3.2. Briefly, square and 
rectangular structures were fabricated from a 90 nm thick permalloy thin film on a glass 
substrate by using equal (for squares) or different (for rectangles) centre-to-centre distances 
between ablation lines in orthogonal directions x and y (§Fig. 5.14). The ratio of ablation line 
spacing controlled the aspect ratio of fabricated elements. Alternatively, the sample 
translation stages were controlled to create series of ablation lines at oblique angles to each 
other in to create rhombic elements (§Fig. 5.16).  
 
The 800 ps pulse length laser system was used to fabricate the 2D structures. The 
parameters used here were 10 nJ laser pulse energy, 6 kHz pulse repetition rate, 1.85 µm 
ablation spot size and a sample scan speed during ablation of 7.5 mm. s-1. This gave a pulse 
overlap ratio of 30% and, therefore, similar edge profiles and limitations to the 1D wires 
described above. Each array was made by using 76 laser ablation lines in each direction (i.e. 
the same number as in §7.2.2 above to create 75 wires). This created an array of 75 x 75 
elements, so 5625 in total. Each ablation line was 1 mm long to reduce the stage scanning time 
compared to the 4 mm 1D wires created above. The proportion of the 1 mm wire lengths that 
became part of the final 2D array depended on the ablation line separation used in the other 
set of ablation wires. Figure 7.29 shows an optical microscopy image of an array of rectangular 
elements, each with an aspect ratio of 1.5. 
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Figure 7.29: Optical microscopy image of 5625 (75 x 75) rectangular elements with aspect ratio 1.5 
(1.9 µm x 2.9 µm) fabricated by LDW- from a permalloy thin film. The full size of array is 281 µm x 
365 µm. The black regions are the magnetic elements while the green regions are ablated areas. 
 
 
Figure 7.30 shows an SEM image of an array of elements created with identical 
orthogonal ablation line spacing of 3.75 µm. This resulted in approximately square 1.9µm x 
1.9µm elements. The structures again have a curved edge profile due to the 30% laser pulse 
overlap, although this is less evident than was the case for the longer wires.  
 
 
 
Figure 7.30: Scanning electron micrograph of permalloy square element array, with each 
element approximately 1.9 µm x 1.9 µm. 
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         Figures 7.31 to 7.35 shows SEM images of arrays of rectangular elements fabricated with 
an ablation line spacing of 3.75 µm in one direction (horizontal in Fig 7.29) and 4.75, 5.75, 6.75, 
7.75 and 9.85 µm in the orthogonal direction, respectively. This resulted in rectangular 
elements with a short side of 1.9 µm and long sides of length 2.9 µm, 3.9 µm, 4.9 µm, 5.9 µm 
and 8 µm giving aspect ratios of 1.5, 2.1, 2.6, 3.1 and 4.2 respectively. Edge profile distortions 
due to the 30% pulse overlap are visible with all structures but are particularly evident for the 
higher aspect ratio structures and, for these, appear to be very similar to those observed with 
1D wires in §7.2.2 above. 
 
 
Figure 7.31: Scanning electron micrographs of permalloy squares elements array with size of 
1.9 µm x 2.9 µm. 
           
 
Figure 7.32: Scanning electron micrograph of LDW- fabricated rectangular permalloy elements, 
each 1.9µm x 3.9µm. 
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Figure 7.33: Scanning electron micrograph of LDW- fabricated rectangular permalloy elements, 
each 1.9µm x 4.9µm. 
 
 
 
Figure 7.34: Scanning electron micrograph of LDW- fabricated rectangular permalloy elements, 
each 1.9µm x 5.9µm. 
 
 
 
Figure 7.35: Scanning electron micrograph of LDW- fabricated rectangular permalloy elements, 
each 1.9 µm x 8 µm. 
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         Rhombic elements were created with non-orthogonal sets of ablation lines. Figure 7.36 
shows one such array created using an angle q = 71.5°  between two ablation line sets and 
lines within each set having a centre-to-centre separation of 3.75 µm. This resulted in 
structures with major and minor axis lengths 12 µm and 3µm, respectively, and was fabricated 
in an array measuring 364 µm x 1039 µm, making 0.189 mm2 in area.  
 
 
Figure 7.36: Scanning electron micrographs of permalloy rhombus elements array with of short 
axes lengths 3µm x long axes lengths 12µm. 
 
Magnetisation hysteresis loops were obtained by fMOKE along two directions for each 
of the 2D structure arrays. These were along the long and short sides of rectangular elements, 
the major and minor axis of rhombic elements and parallel to the sides and diagonals of square 
elements. 
 
The hysteresis loops obtained from along the long axis of the patterned elements (or 
along the side of square elements; Fig. (7.37 to 7.43a) showed sensitivity to the element 
geometry. However, the square and rectangular elements with aspect ratios 1.5, 2.1, 2.6 and 
3.1 all exhibited very low remanence (7.37 to 7.41a), possibly due to the formation of a closure 
domain structure [10]. However, the hysteresis loops from rectangular elements with aspect 
ratio of 4.2 and rhombus elements with aspect ratio of 4 had strong easy axis character with 
coercivities of 12 Oe and 14 Oe, respectively, and sharp magnetisation reversal transitions 
(7.42a and 7.43a). It is well known that shaped ends to elements helps to stabilise magnetic 
domains by reducing the magnetostatic energy of single domain structure.  
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The higher coercivity of the rhombic structures is consistent with this and indicates that 
LDW- can produce 2D micro-scale elements with sufficiently high quality edge definition to 
allow shape effects to be dominant. The square shape of the hysteresis loop from rectangular 
elements with an aspect ratio of 4.2 appears to be a threshold value for the thickness of 
permalloy used here and the length scale of the fabricated elements.  
 
This shape anisotropy is also reflected in the hard axis hysteresis loops, which generally 
have low remanence and a near-linear magnetisation dependence to magnetic fields at low 
fields (Fig. 7.38b to 7.43b). This is similar to the hysteresis loops obtained along the diagonal 
directions of square elements (Fig. 7.37) and the loop obtained in the minor (short) axis 
direction of rhombic elements (Fig. 7.43b).  Many of the hard axis loops showed an anomalous 
signal in the approach to remanence that exceeded the saturation Ms = ± 1. This is likely to be 
due to a degree of domain re-orientation at these points accompanied by signal contributions 
from either the transverse MOKE effect (sensitive to magnetisation transverse to the optical 
plane of incidence) or Voigt effect (sensitive to M2 along the longitudinal direction)[148].  
  
  
Figure 7.37: MOKE hysteresis loops of permalloy squares elements array with size of 1.9µm x 
1.9µm. 
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Figure 7.38: a) MOKE hysteresis loops of permalloy rectangles elements array with size of 1.9µm x 
2.9µm with aspect ratio 1.5 and b) MOKE M-H curve obtained by applied the Y magnetic field 
along the short axes (hard axes).  
 
 
 
 
Figure 7.39: MOKE hysteresis loops of permalloy rectangles elements array with size of 1.9µm x 
3.9µm with aspect ratio 2.1 and b) MOKE M-H curve obtained by applied the Y magnetic field 
along the short axes (hard axes). 
 
 
 
Figure 7.40: MOKE hysteresis loops of permalloy rectangles elements array with size of 1.9µm x 
4.9µm with aspect ratio 2.6 and b) MOKE M-H curve obtained by applied the Y magnetic field 
along the short axes (hard axes). 
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Figure 7.41: MOKE hysteresis loops of permalloy rectangles elements array with size of 1.9µm x 
5.9µm with aspect ratio 3.1 and b) MOKE M-H curve obtained by applied the Y magnetic field 
along the short axes (hard axes). 
 
 
 
Figure 7.42: MOKE hysteresis loops of permalloy rectangles elements array with size of 1.9 µm x 8 
µm with aspect ratio 4.2 and b) MOKE M-H curve obtained by applied the Y magnetic field along 
the short axes (hard axes). 
 
 
 
Figure 7.43: MOKE hysteresis loops of permalloy rhombus elements with short axes lengths 3µm x 
long axes lengths 12µm with aspect ratio 4.0 and b) MOKE M-H curve obtained by applied the Y 
magnetic field along the short axes (hard axes). 
 
a b
a b
a b
Chapter 7: Laser direct writing of magnetic structure 
  
 
149 
 
The time required to fabricate the array regions (and ignoring the additional length of ablation 
lines that didn’t form part of an array as in Fig. 7.29) of 5625 elements was linearly dependent 
on the element size and, hence, the overall array size (Fig. 7.44). The array of 1.9 µm x 1.9 µm 
square elements investigated here (covering 0.079 mm2 in total) was fabricated in less than 15 
s (of the total 46 s required to fabricated the two sets of 76 ablation lines, each 1 mm long), or 
2.7 ms per element. This increased to about 48 s for the 1.9 µm x 8.0 µm elements, covering 
0.21 mm2. The actual fabrication time of 2D magnetic structures is more than double the time 
to fabricate a 1D array over an equivalent area because (a) two sets of ablation line scans are 
required and (b) the extra time to change scan direction at the end of each ablation line is also 
doubled. 
 
The average fabrication time of the 2D structures created here can be calculated as 
200 s.mm-2. However, this depends on the number and length of ablation lines used.   
 
 
  
Figure 7.44: LDW- fabrication time of arrays of square and rectangular elements as function of the 
array size. 
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7.4 Anisotropic magnetoresistance (AMR) measurements of LDW- 
structures 
 
        A 25 nm thick permalloy thin film on glass was patterned by LDW- using the 800 
picosecond pulse length system to investigate the magnetoresistance behaviour of magnetic 
structures fabricated by the laser direct writing. Ablated channels in the thin film defined the 
wires, which remained in contact at their ends with un-patterned film regions. The wires had 
different widths but length fixed at 0.5 mm to allow for the 1 mm spacing between the probe 
needles for performing resistivity measurements. The fabrication process used a laser fluence 
of 0.6 J.cm-2, pulse energy 125 nJ and pulse repetition rate 40 kHz. These parameters were 
chosen to increase the laser ablation spot diameter to approximately 5 µm using the 0.3 NA 
objective lens in order to increase the areal fabrication rate since a large amount of material 
had to be removed to define the separated wires. The sample scanning speed was controlled 
to be 6 mm.s-1 which gave a laser pulse overlap of 97% and, in principle, smoother wire edges. 
However, to ensure removal of all magnetic material between wires, the distance between 
ablation lines was reduced to 1.5 µm to create an overlap between ablation lines (centre to 
centre) of 70% (Fig. 7.45).      
 
 
Figure 7.64: Illustration of fabrication of AMR sensors patterned by laser ablation lines along the x 
axis. The blue areas show the ablation lines with overlap of 70% and pulses overlap of 97%. The 
black regions are magnetic film/wires. 
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            Three wires were fabricated on each sample, with wires separated by 1.16 µm to 
1.64µm. The wires were nominally identical on each sample but varied in width between 
different samples. The wire widths and aspect ratios used to study their effect on the MR 
response are shown in Table 7.1.  
Table 7.1 Fabricated AMR sensors with range of aspect ratios.  
 
 
 
             Fig 7.46 shows optical microscopy images of the three-wire structures with different 
of aspect ratios and 0.5 mm length, as noted in Table 7.1.   
 
           
Aspect ratio (AR) Wire width (mm) Wire length (mm) wires separated mm) 
1 0.5 0.5 1.16 
2 0.25 0.5 1.41 
5 0.1 0.5 1.56 
10 0.05 0.5 1.61 
20 0.025 0.5 1.64 
 
Chapter 7: Laser direct writing of magnetic structure 
  
 
152 
 
 
Figure 7.46: Optical microscopy image of permalloy structures of three wires defined from a thin 
film with wire length of 0.5 mm and aspect ratios (AR) of: a) 1, b) 2, c) 5, d) 10 and e) 20. The black 
regions are the magnetic elements and thin film while the green regions are ablated areas. 
 
            
Magnetisation hysteresis loops were obtained by fMOKE along two directions for each 
of the magnetic wire designs. The magnetic field was applied along the long and short sides of 
fabricated structures. As expected, the hysteresis loops obtained from the long axis and short 
axis of the patterned sensors (Fig. 7.47 and 7.48) showed an increasingly anisotropic response 
to applied magnetic field as the aspect ratio increased. The long-axis hysteresis loops for 
structures with AR ³ 2.0 have easy-axis character with sharp transitions, which may indicate 
magnetisation reversal via rapid propagation of domain walls injected from the adjoining film. 
500 µm 500 µm
500 µm 500 µm
400 µm
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The short-axis hysteresis loops show hard axis character, although the reversal mechanisms 
often appears to be a mixture of magnetisation rotation and domain wall motion.. 
 
 
Figure 7.47: MOKE hysteresis loops obtained by applying magnetic field along the long (easy axis) 
of LDW-fabricated permalloy wires with aspect ratio: a) 1.0, b) 2.0, c) 5.0, d)10 and e) 20. 
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Figure 7.48: MOKE hysteresis loops obtained by applying magnetic field along the short (hard axis) 
of LDW-fabricated permalloy wires with aspect ratio: a) 1.0, b) 2.0, c) 5.0, d)10 and e) 20. 
 
        The coercivity of the wires was found to increase with aspect ratio (Fig. 7.49). The 
coercivity obtained by applied field along easy axis of MR sensors increased smoothly for 
aspect ratios 1 to 10 from 2 Oe to 4 Oe then increased rapidly to 24 Oe for aspect ratio 20, 
these results agreed with the previous result of magnetic wire that discussed before (§7.2.2).  
 
            The anisotropy field values of hard axis increased linearly with increasing of aspect ratios 
(Fig 7.50) from 11 Oe to 95 Oe as expected due to need to high magnetic field to reach the 
saturation, however, the shape of hysteresis loop similar to hysteresis loop of easy axis except 
the loop of aspect ratio 20 lost the ideal shape and like to hysteresis loops of rectangles 
elements (fig 7.40 and 7.41).  
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Figure 7.49: Magnetic coercivity as function of wire aspect ratio. 
 
 
Figure 7.50: Anisotropy field as a function of wire aspect ratio. 
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 7.4.1 Anisotropic Magnetoresistance Measurements  
 
              AMR measurements were obtained by contacting the thin film regions either side of 
the wires and measuring their resistance while applying magnetic field either parallel and 
perpendicular to the wire long axes.   
                The AMR measurements were carried out by using electric currents of 
0.05, 0.1, 0.5, 0.9 and 1 mA for aspect ratios 1, 2, 5, 10, 20, respectively, and at 
frequencies of between 1.0 and 1.1 kHz. 
 
          The AMR ratios can be calculated using Eq 5.9 based on knowledge of different values of 
resistance, R. Translating this for measurement of voltage (e.g. by a lock-in amplifier).  Using 
Ohm’s law R = V / I, where V is a voltage and I	current, Eq 5.9 can be written as:  
 𝑀𝑅 = ³´§µ§o´\µ\ ¶´\µ\                     (7.1) 
 
  where VH is voltage picked up when apply the magnetic field and V0 when 
remove the magnetic field. The experiments here were conducted with constant 
current, so IH=I0 and Eq 7.1 becomes: 
 
                                                 𝑀𝑅 = %§o%\%\                              (7.2) 
 
The permalloy wires showed a clear AMR response to applied magnetic field across the 
range of aspect ratios, as shown in Figs 7.51 to 7.60. The calculated MR values are shown in 
Fig. 7.61 and reached up to 0.31% for current applied parallel and 0.32% for current applied 
perpendicular to the lowest aspect ratio wires. This is lower than the 4% expected for bulk or 
thin film permalloy [149], most probably due to the significant contribution of the thin film 
regions beyond the wire ends. MR ratios were somewhat erratic as the aspect ratio varied 
when measured with field applied along the wire lengths. This is perhaps due to domain wall-
based magnetisation reversals leading to ill-defined MR signals and to different wires in each 
set of three undergoing reversal at slightly different applied fields.  
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Figure 7.51: AMR loop of permalloy wires with aspect ratio 1.0 with magnetic field applied 
parallelly to current flow direction. The inset shows a magnified region of the signal crossing area 
with linear fits to the transitions in each direction. 
 
 
   
Figure 7.52: AMR loop of permalloy wires with aspect ratio 2.0 with magnetic field applied 
parallelly to current flow direction. The inset shows a magnified region of the signal crossing area 
with linear fits to the transitions in each direction. 
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Figure 7.53: AMR loop of permalloy wires with aspect ratio 5.0 with magnetic field applied 
parallelly to current flow direction. The inset shows a magnified region of the signal crossing area 
with linear fits to the transitions in each direction. 
 
 
  
Figure 7.54: AMR loop of permalloy wires with aspect ratio 10.0 with magnetic field applied 
parallelly to current flow direction. The inset shows a magnified region of the signal crossing area 
with linear fits to the transitions in each direction. 
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Figure 7.55: AMR loop of permalloy wires with aspect ratio 20.0 with magnetic field applied 
parallelly to current flow direction. The inset shows a magnified region of the signal crossing area 
with linear fits to the transitions in each direction. 
 
  
Figure 7.56: AMR loop of permalloy wires with aspect ratio 1.0 with magnetic field applied 
perpendicularly to current flow direction. The inset shows a magnified region of the signal crossing 
area with linear fits to the transitions in each direction. 
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Figure 7.57: AMR loop of permalloy wires with aspect ratio 2.0 with magnetic field applied 
perpendicularly to current flow direction. The inset shows a magnified region of the signal crossing 
area with linear fits to the transitions in each direction. 
 
  
Figure 7.58: AMR loop of permalloy wires with aspect ratio 5.0 with magnetic field applied 
perpendicularly to current flow direction. The inset shows a magnified region of the signal crossing 
area with linear fits to the transitions in each direction. 
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Figure 7.59: AMR loop of permalloy wires with aspect ratio 10.0 with magnetic field applied 
perpendicularly to current flow direction. The inset shows a magnified region of the signal crossing 
area with linear fits to the transitions in each direction. 
 
 
  
Figure 7.60: AMR loop of permalloy wires with aspect ratio 20.0 with magnetic field applied 
perpendicularly to current flow direction. The inset shows a magnified region of the signal crossing 
area with linear fits to the transitions in each direction. 
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Figure 7.61: MR ratio as function to aspect ratios of MR sensors (three wires) with applied 
magnetic field in parallel and perpendicular to current flow direction. 
 
  
         The sensitivity of the structures was calculated from MR loops as the average gradient of 
MR as a function of applied field at zero magnetic field, as shown on Figure as shows in fig 7.62. 
The sensitivity values will show the effect of changing the magnetic field on the electric 
resistance based on Ohm law (𝑅 = 𝑉/𝐼).  Therefore, these part (internal curves) of MR loops 
were highlighted in the sub-figures of 7.51 to 7.55. 
 
  
Figure 7.62: The calculation method of sensitivity of the structures from MR loops. 
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Figure 7.63: Sensitivity as function to aspect ratios of MR sensors (three wires) with applied 
magnetic field in parallel to current flow direction. 
 
 
Figure 7.63 shows that the field sensitivity of the AMR signal decreases with increased 
wire aspect ratios. This tunable sensitivity could be valuable in the manufacture of magnetic 
field sensors [150] in which appropriate sensitivity could be determined to a variable level at 
the point of fabrication, rather than having to fabricate films of different materials. 
 
The average time required to fabricate each sample was 9.3 minutes. This is a relatively 
short time to pattern a sensor with dimensions of 7mm × 5mm. The overall ablation area 
ranged from 2.0 mm2 for wires with AR = 1 to 3.1 mm2 for wires with AR = 20. These areas were 
removed by creating 3666 ablation lines (for AR = 1 wires), each offset by 1.5. The number of 
ablation lines increased with increase in the aspect ratio in order to remove additional areas 
of the thin film, up to be 4616 ablation lines for AR = 20 wires. Fig 7.64 show the actual time 
required to pattern wires with aspect ratios from 1 to 20. 
 
 Future MR sensors based on LDW- fabricated wires could be made even more quickly 
than those here by restricting the overall size of the patterned magnetic thin film, using larger 
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laser spots or even mask-based wide-field exposure. The ease with which wire sensitivity can 
be varied with defined width could be highly attractive to manufacturers seeking a common 
fabrication route to creating sensors for different field strength environments. 
 
 
Figure 7.64: Actual fabrication time as function of aspect ratio of the three-wire structures. 
 
7.5 Summary 
          This chapter has presented patterning of a 90 nm-thick permalloy thin film into one- and 
two-dimensional structures using subtractive Laser Direct Writing (LDW-) with 800 picosecond 
laser systems. Arrays of wires with a range of widths from 150 nm to 6.75 μm were fabricated 
by controlling the distance between laser ablation lines. The two-dimensional structures 
included arrays of squares, rectangles with a range of aspect ratios, and arrays of rhombic 
elements.  Multiple (three) wires were also patterned with range of aspect ratios (1, 2, 5, 10, 
and 20) but with a length of just 0.5 mm to fit within a magnetoresistance measurement cell. 
All these structures were tested by focussed magneto-optical Kerr effect magnetometry and 
by electrical measurements to determine their AMR response to applied magnetic field and 
the effect of geometrical shape (aspect ratio). This demonstrated a field sensitivity of AMR that 
is tuneable by fabricated geometry that might be useful in field sensor applications. The 
experiments here used large magnetic fields to saturate the sensors during each field sweep 
and future experiments should also consider small-magnitudes of field only in order to test 
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their reproducibility under these conditions. In general, LDW- can reduce the fabrication time 
and cost of fabricating nano/micro-scale structures very significantly compared with other 
techniques; for example, the average time to fabricate a set of 75 wires of length 4 mm was 
between 84 and 87 s depending on the wire width and was achieved without any chemicals, 
masks or any other special requirements. 
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Chapter 8: Conclusions and Future Work  
8.1 Conclusion        
          This project has demonstrated two types of laser direct writing, subtractive laser direct 
writing (LDW-) and laser-induced forward transfer (LIFT), to fabricate micro/nano-scale 
magnetic structures.  
 
Attempts to transfer permalloy thin film material as patterned structures with the LIFT 
process were carried out using three laser systems. Multiple and single laser pulses at each 
transfer point were investigated and the film thickness, scanning speed, pulse energy, distance 
between donor and acceptor substrate, and the acceptor material were varied. However, none 
of this allowed the thin film morphology to be transferred to the acceptor substrate and the 
permalloy appeared as debris particles. The size of these particles suggested that the 
permalloy melts either in the gas-phase following ablation or on the acceptor substrate before 
solidifying into droplets. A lower thermal conductivity substrate (glass rather than silicon) 
resulted in more spherical droplets, which is consistent with slower cooling through the 
melting point and consequently longer for atoms to have high surface mobility and become 
arranged into positions to minimise droplet surface energy. No ferromagnetic response could 
be measured by magneto-optical Kerr effect magnetometry but the droplets may be 
superparamagnetic. Attempts to reduce the energy of ablated species through larger donor-
acceptor substrate separations at atmospheric pressure resulted in a loss of particle adhesion 
to the acceptor substrate. LIFT remains a promising technique to transfer and pattern magnetic 
material, given the excellent results with other types of material achieved in the literature, but  
realising this will require overcoming several important factors.   
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LDW- ablation was used to fabricate micro/nano-scale magnetic structures from 90 nm 
thick permalloy thin films. The scanning speed and laser repetition rate were controlled to give 
a 30% overlap between neighbouring focused laser spots. This overlap produced an undulating 
profile to the edges of fabricated magnetic wires that became relatively more pronounced for 
narrower wires. Wires from several micrometres to 150 nm in width were fabricated although 
wire widths less than 650 nm had significant levels of additional material between wires. 
Similarly, wider wires (650 nm or more) exhibited clear uniaxial behaviour and a magnetic 
coercivity proportional to the inverse of wire width, varying between 11 Oe to 47 Oe, with the 
highest coercivity obtained for the wire width of 650nm.  
 
Two-dimensional magnetic structure arrays of squares, rectangles of different aspect 
ratios and rhombic elements were also patterned using LDW-. These elements demonstrated 
shape-sensitive magnetic behaviour with increasing the shape aspect ratio and how simple 
control of the bi-axial positioning of a sample during LDW- processing can result in a wide range 
of structure designs.  
 
LDW- was also successfully used to pattern 25 nm permalloy thin film samples to allow 
anisotropic magnetoresistance (AMR) measurements. The AMR results measured with 
magnetic field applied either parallel or perpendicular to the wires showed a clear dependence 
on wire width. This indicates that LDW- can be used to fabricate magnetic field sensors with a 
response that can be tuned during the fabrication process.  
         
The LDW- fabrication process of magnetic structures was extremely rapid. Fabrication 
rates of 3.5 mm. s-1 were achieved for one-dimensional structures, which meant that 75 wires 
dimensions 550 nm × 4.0 mm could be produced in as little as 85 s. Two-dimensional structures 
with low-micrometre dimensions were fabricated with an average fabrication time of 4.7x10-4 
s per element, e.g. an array of 5625 structures could be achieved in 15 s.  Different laser 
systems with higher repetition rates will allow these rates to be increased tenfold many times 
over.  
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In general, LDW- offers many benefits in the fabrication of nano/micro-scale structures. 
This process offers speed, simplicity with no use of wet chemicals, low cost, one-step 
processing, user-defined pattern generation and high throughput. This is a unique combination 
of features among patterning techniques and makes LDW- particularly suitable for prototyping 
or even industrial manufacturing of low numbers of magnetic elements with magnetic 
properties tuned at the point of writing.   
 
8.2 Future work  
 
        There are various ways in which the techniques discussed here could be developed further 
in order to improve their utility. 
 
LDW- fabrication has proved here to be the simplest and most straightforward of the 
laser writing approaches available. Future experiments will extend the demonstrated range of 
versatility of this approach, including considering different magnetic materials, understanding 
the role and limitations of film thickness, attempting to achieve narrower structures with well-
described properties (e.g. inverse relationship between coercivity and wire width), the effect 
of different pulse overlaps, narrower wires for AMR sensors, and new two-dimensional 
structures with higher aspect ratios. It is already possible to consider wider application of LDW- 
structures, for example to act as magnetic field sources via domain walls or end domains for 
trapping superparamagnetic beads for biological techniques [151], [152]. The processing 
speed of LDW- fabrication might also be improved significantly using a mask and wide-field, 
single laser pulse fabrication of an entire substrate. Reducing the laser wavelength, e.g. to 
ultra-violet wavelengths, will offer greater definition of structures but, for point-by-point 
fabrication, will increase significantly the fabrication time of structures due to the increased 
number of ablation pixels required.  
 
Transferring magnetic materials by LIFT proved to be challenging but we were able to 
learn much about the issues being faced from observation of the morphology of transferred 
material that informs future work. Use of an acceptor substrate with higher thermal 
conductivity than considered here will probably allow transferred material to condense faster 
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and reduce its surface mobility and avoid droplet formation. Use of a higher vacuum inside the 
transfer cell may reduce or remove completely any shockwave effect and reduce the 
subsequent damage of deposited material. Use of thicker films or films with sacrificial 
underlayers may allow ablation of the uppermost magnetic film region without it heating 
significantly, perhaps transferring while remaining in the solid state.  Alternatively, thinner 
films may allow improved resolution of magnetic structures. LIFT remains appealing firstly as 
it offers even faster fabrication times than LDW- because it depends simply on the area of the 
structures rather than the area of material that should be cleared. The additive nature of LIFT 
also means that it might be suitable for multi-layer deposition or three-dimensional fabrication 
by ablating different, non-ablated regions of donor substrates, either of identical or different 
materials.  
 
This project used optical techniques to fabricate (LDW-) and characterise (MOKE) the 
magnetic structures. Other optical analytical techniques are also available, for example the use 
of scattering (such as laser speckle analysis) to characterise sample morphology [153], [154]. 
It may be possible to integrate the processes using multiple lasers and optical systems to allow 
characterisation to be performed during the fabrication process. This could also extend to 
electrical measurements, e.g. resistance or AMR measurements to provide feedback on the 
degree of tuning of magnetic field sensors. 
 
 The results of this work give confidence to pursuing the further development of direct 
laser writing of magnetic structures that may see it becoming a mainstream fabrication 
technique of use to researchers and industrial manufacturers.    
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Appendix A 
 
DVAR $SPEED  
DVAR $SPACING 'DEFINES A WORD 
$SPACING = x.xxx      
$SPEED = xxx 
PSOCONTROL X RESET '  
PSOCONTROL X OUTPUT 1 1 '   
DWELL x.xxx 
 
ENABLE X Y Z                                                               
ABSOLUTE 
G90 
G1 X xx.xxx Y xx.xxx Z xx.xxx F = 7.5  
 
INCREMENTAL     
 
METRIC   
SECONDS  
F = $SPEED 
PSOCONTROL X ON 
REPEAT 76 
 
 
LINEAR X 4.00 
PSOCONTROL X off 
LINEAR Y 0.00x 
 
 
PSOCONTROL X ON 
LINEAR X –4.00 
PSOCONTROL X OFF 
'ENDRPT 
 
                                                                
 
 
All in mm 
The speed F, in mm/s 
Resets the shutter command 
Defines shutter output 
Holds for x.xxx seconds, will wait at that 
spot 
Turn on servo loop control for the axes  
 
 
This is the starting position, all in mm, the 
speed F, in mm/s 
 
Tells the stage to move relative to its 
current     
 
 
Opens the shutter 
Repeats everything between this and 
endrpt (end repeat). 
 
LINEAR X moves in X direction by x.xxx mm  
Close the shutter 
LINEAR Y moves in Y direction.  The Y value 
varying from 0.002 mm to 0.0086mm to 
control the wires widths.  
 
For opposite direction  
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Appendix B 
 
DVAR $SPEED  
DVAR $SPACING 'DEFINES A WORD 
$SPACING = x.xxx      
$SPEED = xxx 
PSOCONTROL X RESET '  
PSOCONTROL X OUTPUT 1 1 '   
DWELL x.xxx 
 
ENABLE X Y Z                                                               
ABSOLUTE 
G90 
G1 X xx.xxx Y xx.xxx Z xx.xxx F = 7.5  
 
INCREMENTAL     
 
METRIC   
SECONDS  
F = $SPEED 
PSOCONTROL X ON 
REPEAT 76 
 
 
LINEAR X x.00 
PSOCONTROL X off 
LINEAR Y 0.00375 
PSOCONTROL X ON 
LINEAR X -x.00 
PSOCONTROL X OFF 
'ENDRPT 
 
G1 X xx.xxx Y xx.xxx Z xx.xxx F = 7.5  
 
INCREMENTAL     
METRIC   
SECONDS  
F = $SPEED 
PSOCONTROL X ON 
REPEAT 76 
LINEAR x 2.00 
PSOCONTROL X off 
LINEAR X 0.00375 
 
 
 
 
All in mm 
The speed F, in mm/s 
Resets the shutter command 
Defines shutter output 
Holds for x.xxx seconds, will wait at that 
spot 
Turn on servo loop control for the axes  
 
 
This is the starting position, all in mm, the 
speed F, in mm/s 
 
Tells the stage to move relative to its 
current     
 
 
Opens the shutter 
Repeats everything between this and endrpt 
(end repeat). 
 
LINEAR X moves in X direction by x.xxx mm  
Close the shutter 
LINEAR Y moves in Y direction by 0.00375 
mm  
For opposite direction  
 
 
 
This is the starting position of scanning 
along Y axes. 
 
 
 
 
 
 
 
 
LINEAR X moves in X direction.  The X value 
varying from 0.00375 mm to 0.00985mm to 
control the aspect ratio (elements widths).  
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PSOCONTROL X ON 
LINEAR Y -x.00 
PSOCONTROL X OFF 
'ENDRPT 
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Appendix C 
 
DVAR $SPEED  
DVAR $SPACING 'DEFINES A WORD 
$SPACING = x.xxx      
$SPEED = xxx 
PSOCONTROL X RESET '  
PSOCONTROL X OUTPUT 1 1 '   
DWELL x.xxx 
 
ENABLE X Y Z                                                               
ABSOLUTE 
G90 
G1 X xx.xxx Y xx.xxx Z xx.xxx F = 7.5  
 
INCREMENTAL     
 
METRIC   
SECONDS  
F = $SPEED 
PSOCONTROL X ON 
REPEAT 76 
 
 
LINEAR X x.xx Y x.xx 
PSOCONTROL X off 
LINEAR Y 0.00375 
PSOCONTROL X ON 
LINEAR X -x.00 Y -x.xx 
PSOCONTROL X OFF 
'ENDRPT 
 
G1 X xx.xxx Y xx.xxx Z xx.xxx F = 7.5  
 
INCREMENTAL     
METRIC   
SECONDS  
F = $SPEED 
PSOCONTROL X ON 
REPEAT 76 
LINEAR X x.xx Y x.xx 
PSOCONTROL X off 
LINEAR X 0.00375 
 
 
 
 
All in mm 
The speed F, in mm/s 
Resets the shutter command 
Defines shutter output 
Holds for x.xxx seconds, will wait at that 
spot 
Turn on servo loop control for the axes  
 
 
This is the starting position, all in mm, the 
speed F, in mm/s 
 
Tells the stage to move relative to its 
current     
 
 
Opens the shutter 
Repeats everything between this and endrpt 
(end repeat). 
 
LINEAR X moves in X direction by x.xxx mm  
Close the shutter 
LINEAR Y moves in Y direction by 0.00375 
mm  
For opposite direction  
 
 
 
This is the starting position of scanning 
along Y axes. 
 
 
 
 
 
 
 
 
LINEAR X moves in X direction.  The X value 
varying from 0.00375 mm to 0.00985mm to 
control the aspect ratio (elements widths).  
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PSOCONTROL X ON 
LINEAR Y -x.xx X x.xx 
PSOCONTROL X OFF 
'ENDRPT 
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Appendix D 
 
DVAR $SPEED  
DVAR $SPACING 'DEFINES A WORD 
$SPACING = x.xxx      
$SPEED = xxx 
PSOCONTROL X RESET '  
PSOCONTROL X OUTPUT 1 1 '   
DWELL x.xxx 
 
ENABLE X Y Z                                                               
ABSOLUTE 
G90 
G1 X xx.xxx Y xx.xxx Z xx.xxx F = 7.5  
 
INCREMENTAL     
 
METRIC   
SECONDS  
F = $SPEED 
 
 
“For dots? X? ARRAY” 
 
REPEAT xx 
 
REPEAT x 
PSOCONTROL X ON 
DWELL x.xxx 
PSOCONTROL X OFF 
LINEAR X x.xxx 
ENDRPT 
LINEAR X -(x*x.xxx) 
LINEAR Y x.xxx 
PSOCONTROL X OFF 
 
ENDRPT 
 
 
                                                                
 
 
All in mm 
The speed F, in mm/s 
Resets the shutter command 
Defines shutter output 
Holds for x.xxx seconds, will wait at that 
spot 
Turn on servo loop control for the axes  
 
 
This is the starting position, all in mm, the 
speed F, in mm/s 
 
Tells the stage to move relative to its 
current     
 
 
 
 
 
 
Repeats everything between this and 
endrpt for x times (end repeat). 
 
Opens the shutter 
holds for x.xxx seconds 
 
 
 
 
 
Close the shutter 
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